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Summary: 


The ALE/GAGE project was designed to determine the global atmospheric lifetimes of the 
chloroflurocarbons CG 3 F and CC1 2 F 2 (F-ll and F-12), which had been identified as the main 
gases that cause stratospheric ozone depletion. The experimental procedures also provided the 
concentrations of CH 3 CC1 3 , CC1 4 and N 2 0. The extended role of the project was to evaluate 
the mass balances of these gases as well. Methylchloroform (CH 3 CC1 3 ) serves as a tracer of 
average atmospheric OH concentrations and hence the oxidizing capacity of the atmosphere. 
Nitrous oxide (N 2 0) is a potent greenhouse gas and can also deplete the ozone layer. 
Measurements of these gases were taken with optimized instruments in the field at a 
frequency of about 1 sample/hr. Toward the end of the present project methane 
measurements were added to the program. 

This final report deals with the research of the Oregon Graduate Institute as part of the 
ALE/GAGE program between 4/1/1988 and 1/31/1991 when the project was funded by 
NASA (Project # NAGW 1348). This project, NAGW-1348, continued the measurements 
previously funded under NASA Project # NAGW-280. The report defines the scope of the 
OGI project, the approach, and the results. The results include: 1) A high quality data base 
on the concentrations of the gases mentioned earlier at four locations covering all the major 
latitudinal regions of the earth's atmosphere. 2) A quality assurance that has two aspects. 
First, the demonstration of the stability of the calibration standards so that the concentrations 
and trends that are observed are not affected by experimental artifacts and, second, the use of 
flask samples to independently verify the quality of the real time field data. 3) An 
assessment of the role of sampling frequency on the trends and lifetimes of trace gases. 4) 
The data have been used to establish the trends and lifetimes of the chloroflurocarbons and 
the average concentrations of OH in the atmosphere. 

In this report we have provided a guide to the ALE/GAGE program and the role of the OGI 
group in the program. We have discussed the data and their quality, aspects of the 
information in the data regarding trends and lifetimes, and how to obtain the data for further 
research. 


li 
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I. Introduction 


1.1. Objectives and Methods 

The chlorofluorocarbons, particularly CQ 3 F (F-ll) and CC1 2 F 2 (F- 12), have been known for 
more than twenty years to endanger the stratospheric ozone layer. The major objective of the 
ALE/GAGE project was to determine the atmospheric lifetimes of chlorofluorocarbons F-l 1 
and F-12. The project was designed to rely entirely on global atmospheric measurements of 
these two gases to determine the lifetimes. It was well known, before the project started, 
that the lifetimes of these gases were long, perhaps between 30 - 200 years. While it seemed 
that stratospheric photolysis was likely to be the main removal process, there were many 
other possible sinks that could also remove these fluorocarbons. Many small sinks could add 
up to substantial total annual removal rates. But because all these sinks were small, it was 
practically impossible to obtain accurate estimates of the removal rates from these processes. 
At the same time, only the stratospheric photolysis that released Cl atoms was regarded as 
having the potential for environmental damage by causing ozone depletion, while any other 
process that could remove these gases from the environment would, in effect, prevent the 
destruction of the ozone layer. These other processes, known and unknown, could easily 
affect the calculations of stratospheric ozone depletion from these chloroflorocarbons by a 
factor of two. Therefore, estimates of the lifetimes of these fluorocarbons based only on their 
stratospheric photolysis may not represent the total atmospheric lifetimes or the role of these 
gases in ozone depletion. The ALE/GAGE experiment was designed to overcome the 
difficulty of estimating the total lifetime of the chlorofluorbcarbons without having to account 
for the removal by each process when the nature and removal rates of the individual process 
were not known, and indeed, all the removal processes were not even known. 

To accomplish this task, two main theoretical ideas were formulated. First, that the trend of 
the concentration of a chlorofluorocarbons is a direct index of the lifetime and second, that 
the global atmospheric mass balance could be determined from a few sites carefully chosen to 
be representative of large spatial scales. 
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The idea that the trend was an indicator of the global lifetime is expressed by the following 
equation: 


dC _ Q _ C 
dt t 


( 1 ) 


where C is the global burden of the gas (grams), S are the emissions (grams/yr), and t is the 
lifetime (years). 

The solution of this equation is, assuming that time is taken as zero when the atmospheric 
concentration is nearly zero: - 

t 

C = e'W’SOOe^dv (2) 

o 


By dividing both sides of equation (1) by C, it can be recast as: 

±dC = _S__1 
C dt C r 


(3) 


Substituting Equation (2) into Equation (3) gives: 

J_ dC = S(t) _ l 
C dt * t 

f S(v)e 1?(v " t) dv 
o 


(4) 


Equation (4) has two significant properties. The left hand side is "concentration scale 
invariant." That is to say that if the absolute concentration was in error so that the true 

concentration was - a C then l/C**. dC^Jdt - l/C^ dCL.../dt. So the relative trend 

is independent of absolute calibration. Second, if the emissions were underestimated by 
some fraction, then on the right hand side the effect of this error would also not affect 
Equation (4) - "emissions scale invariance." 
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These two invariance properties of Equation 4 were of considerable practical importance. 
Absolute calibration of the chlorofluorocarbons was extremely difficult to pin down within 
acceptably narrow bands, and to some extent this still remains a problem today. Secondly, 
the estimate of the emissions was uncertain on two grounds. First, it was not clear how much 
emission may occur from countries that did not report their production of the CFCs, most 
notably the former Soviet Union and China. And second, because the release of the CFCs 
occurred many years after they were used in many applications. For example, when the 
CFCs were used in spray cans, the release could occur within a year or so since consumer 
goods are sold during this time. But releases from refrigerators, air conditioners, and foams 
could have mean release time lags of decades to a hundred years. Thus systematic under- 
estimates (most likely) or overestimates (less likely) would not affect the calculations based 
on Equation (4) because the errors appear both in the numerator and the denominator of the 
right hand side. These were the main arguments for using Equation 4. This has been called 
the "Trend Method" for calculating lifetimes. 

An alternative is to use the mass balance (Eqn. 1) directly and calculate the lifetime that best 
fits the observed concentrations C (from which the trends dC/dt can be estimated) and the 
industrial emissions S. This is sometimes called the "Overburden Method" or the "Global 
Mass Balance." This method is sensitive to errors in absolute calibration and our knowledge 
of the emissions. In practice, more complex versions of Equation (1) or (4) are used to take 
into account atmospheric mixing processes that cause differences of concentrations by 
latitude, height, and, to a lesser degree, with longitude. 
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II. The Project 

//. 7 Site Selection, Sampling Frequency, and the Transport Model 

Four sites were chosen, one in each of the four latitudinal semi-hemispheres of the earth. 

First, the choices for ALE/GAGE sites were Adrigole, Ireland (52° N); Barbados (13° N); 
Samoa (14° S); and Cape Grim, Tasmania (42° S), covering the middle and tropical latitudes 
of both the northern and southern hemispheres. Soon afterwards Cape Meares, Oregon, was 
added, mostly as a replacement for Adrigole, which was heavily influenced by emissions from 
Europe. Adrigole did not represent the northern semi-hemispheric mean concentrations, while 
the geography of Cape Meares, Oregon, made it an ideal mid-northern latitude station. At the 
time Cape Meares became an ALE/GAGE station, it was already operational, and automated 
measurements were being taken for our other projects (with R. A. Rasmussen, M.A.K.Khalil, 
and D.Pierotti as principal investigators). The conversion of the site to an ALE/GAGE 
station was therefore relatively straightforward. At the same time it remained a primary 
station for other funded projects of the Global Change Research Center. When the present 
NASA contract expired, the Cape Meares station continued to operate in support of other 
projects although it has not been a GAGE or AGAGE site. 

In summary, then, the expectation was that real-time or high frequency measurements of the 
chlorofluorocarbons, at these four sites, would provide a complete understanding of the global 
distribution, which would, by the use of a model based on Equation 4, yield an estimate of 
the lifetime of these gases. The lifetime would not depend on absolute calibration or the lack 
of knowledge of emissions from certain parts of the world. 

H.2 Frequency of Measurements 

The trend is highly variable, being a derivative of the measured concentrations. Therefore, 
high frequency measurements were proposed to reduce the uncertainties in the mean trends on 
a monthly average basis. Gas chromotographs with electron capture detectors were selected 
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for the measurements (see Appendix IV for details). These instruments measured not only F- 
11 and F-12 but also measured CH 3 CC1 3 , CC1 4 and N 2 0. Since these gases are also important 
to global change science, they were included in the program, although for CC1 4 and N 2 0 Eqn. 
4 cannot be used since the emissions are not known. During the 1980s, Khalil and 
Rasmussen showed that methane was increasing in the atmosphere. With funding from 
various sources, unrelated to the ALE/GAGE program, they developed the budgets and trends 
of methane. As the research program on methane (CH 4 ) became established, its 
measurements were added to the ALE/GAGE program. 

Since there was no theoretical guide, the initial frequency of measurements was made 1/hr, 
which was the highest frequency that could be achieved with the instrumentation available at 
the time when the project was set up. This frequency was chosen because of the highly 
variable nature of the short-term trends from which the lifetime was to be calculated. High 
frequency measurements reduced the uncertainty of the monthly mean approximately as 1/sqrt 
N where N is the number of measurements per month. A high frequency of measurements 
also allows for detecting and eliminating pollution events that cause high concentrations, or 
intrusions of stratospheric air that on rare occasions cause low observed concentrations. 

These pollution events became more frequent as the experiment progressed and the usage, or 
the emissions, of the chlorocarbons, chlorofluorocarbons, and other gases continued to 
increase. 

II. 3 The Mass Balance Model 

The model to estimate the lifetimes was designed as a nine-box mass balance with latitudinal 
variations represented by the four semi-hemispheres (with one site in each) and with two 
vertical layers in the troposphere and one layer representing the stratosphere. This was a 
compact model, tightly coupled to the experimental data at the four main ALE/GAGE sites. It 
was also the smallest model that could incorporate the mean motion of the atmosphere by 
Hadley circulation. It included the four main latitudinal regions across each of which the 
atmospheric circulation is slowed by rising or subsiding air movements (Figure 1). 
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LATITUDE 


Figure 1. Schematic of nine-box two-dimensional model of the atmosphere. Values of the 
diffusion coefficients ty and inverse advection times Vy are given in Table 1 in Cunnold et al., 
1983, page 8380 (see Appendix V). Atmospheric release of halocarbons is assumed to occur 
directly into boxes 1, 3, 5, and 7. 


This model is written as follows: 



j V,jXU j ty Mj 

hi = | (X| + Xj) 
(Ax) y = Xi - Xj 



(5) 


Here the first term is the transfer of gases by the mean motions of the atmosphere for box i. 
The box gains CFCs or other trace gases from the winds that blow material in from boxes j 
and loses gases by winds blowing materials from box i to boxes j. j is an index representing 
all the boxes with which box i shares a boundary. Similarly, the second term is the effect of 
"turbulent" processes that transfer gas by the gradient of the mean concentrations between the 
boxes (AXy). I; is the "Input" or source of gases into box i. (It is zero for boxes that do not 
include the surface of the earth.) Mj is the mass of air in box i, and x, - the lifetime of the 
gas in box i. The lifetime may be infinite in some boxes, in which case this last term is zero. 


An example of a mass balance for a box according to Eqn. (5) is (Cunnold et al., 1983): 
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<*X2 

dt 


~ "1^24X24 + "2^21X21 


5 (Ax) 2 i 
3 tjj 


2 X a -X 2 

3 r. 


(AX)24 

*24 

X2 

r 2 


It shows the factor 5/3 and 2/3 required to convert for the different masses of air in the boxes 
at the surface compared to those above. 

II. 4 OGC's Role in the Project 

This project was a collaboration between principal investigators at several institutions. Each 
group had its separate primary role. The groups and principal investigators were Dr. R.A. 
Rasmussen from OGC, and when methane was added to the ALE/GAGE program Dr. M.A.K. 
Khalil, also at OGC, joined the research team; Dr. R. Prinn of MIT; Drs. D. Cunnold and F. 
Alyea of Georgia Institute of Technology; Dr. P. Simmonds of University of Bristol; Dr. P. 
Fraser of CSIRO in Australia; and Dr. R. Rosen of AER, Inc. Many technical staff members 
participated from each of these institutions. 

The Oregon Graduate Institute, then called the Oregon Graduate Center, had four main roles 
and responsibilities in the overall ALE/GAGE project. 

Part 1) Dr. R.A. Rasmussen was the chief experimentalist for the ALE/GAGE program and 
was responsible for maintaining all stations and ensuring uniformity of data quality. 

Part 2) The OGI group was responsible for all calibration standards. This was a major task 
which included : 

a) Making the primary absolute standards. 

b) Making and calibrating secondary standards that were used at all sites. 

c) Determining the stability of the primary (and secondary) calibration standards. 
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Part 3) The OGI group maintained the Cape Meares and the Samoa stations (two of 4-5 
stations of the network). Moreover, the field technician in-charge (Mr. AJ. Crawford) 
maintained instruments at the other stations as well. 

Part 4) Quality Assurance by collection and of flask samples for the measurements of the 
chloroflorocarbons. The flask sampling provides an independent check for the accuracy of 
the ALE/GAGE data sets. The flask samples are measured on laboratory instruments, not the 
ones that took the automated measurements, and were calibrated against primary laboratory 
standards instead of the secondary standards that were used in the field. The flask samples 
also provide data on other gases that were not measured by the field instruments, and thus 
represented an exploratory component of the project. The ALE/GAGE program had an intent 
to add with high frequency field measurements any other gas that was found by the flask 
sampling program to be potentially important in global change science. 

It is noteworthy that before the NASA funding was provided (for which this report is being 
written) the ALE/GAGE program was fully operational and Dr. R.A. Rasmussen was the 
chief experimentalist. He had fulfilled the following responsibilities that have a direct bearing 
on the present report: 

a) Design and selection of automated instruments for all sites. All instruments were of 
the same brand and number and the same experimental methods were applied to all 
sites. 

b) Set up instrumentation and refine the operations to produce data of precision 
acceptable to the ALE/GAGE program. 

c) Provide training for principal investigators in the program who ran the stations namely 
Dr. Simmonds who managed Barbados (and Adrigole) and Dr. Fraser who managed 
Cape Grim, Tasmania. 

The accomplishment of these tasks is a matter of record, since high frequency and high 
precision data were produced during the time that OGI was involved in the project. These 
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data have been reported in the peer-reviewed scientific literature including the publications 
that are attached in Appendix V and listed in Appendix HI. 

In the rest of this report, we discuss three areas that complete the documentation of the 
accomplishments of the project. These areas are: 

a) A review of the preparation and stability of the calibration standards. (Relates 
primarily to Part 2 above on the role of OGI, secondarily to Part 1.) 

b) The data at the two sites: Cape Meares and Samoa and some features of the data. 
(Relates primarily to Part 3, secondarily to Part 1.) 

c) An analysis of the information content of high frequency ALE/GAGE measurements 
compared to flask samples. (Relates primarily to parts 4 and 3, secondarily to Part 1.) 
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m. A Review of the Stability of the Calibration Standards. 


The atmospheric concentration is measured using a calibration standard. A sample from the 
calibration standard is analyzed before and after the analysis of each ambient sample. The 
concentration of the trace gas in the atmosphere is determined as: 


C (Atmosphere) = 


M (Atmosphere) 
M (Standard) 


xC (Standard) 


where M(Atmosphere) is the "area under the (usually Gaussian) peak" representing the trace 
on the output of the gas chromatograph for the ambient sample, or M could be the "peak 
height." The areas are measured by an electronic integrator. C(Standard) is the "Absolute 
Concentration" assigned to the standard from which the sample is drawn. 


The calibration is perhaps the single most important aspect of ensuring a high quality of data 
and is therefore a fundamental part of the quality assurance program. It has two aspects - 
absolute calibration and stability. Absolute calibration refers to the how close the assigned 
concentration of a gas in a tank is to the real concentration of the gas in that tank. Stability 
refers to the potential changes that may occur in the concentrations of a gas in a calibration 
tank over time. If the absolute calibration has a positive error (assigned value greater than 
the real value), it will lead to an underestimate of the atmospheric concentration, and similarly 
if the assigned value is too low, it will lead to an overestimate of the atmospheric 
concentration. For long-lived gases, small errors of the absolute calibration can result in large 
errors of lifetime. The "Trend Method" for estimating lifetimes was chosen to avoid this 
problem (unfortunately, there is a cost for the insensitivity of the lifetime based on the trend 
to absolute calibration - a brief discussion will be provided later in Section V). If a 
calibration standard is found to be too high or too low, all existing data can be easily 
corrected by multiplying it by the appropriate "calibration correction factor." These 
corrections had to be made at certain times during the course of the ALE/GAGE project. 


For the success of any long-term measurement project, the stability is much more important 
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than the absolute calibration. If standard concentrations drift during the course of the 
experiment, it is difficult to correct the data, since such changes are not linear or systematic. 
Moreover, drifts in the standard concentrations cause errors in the measured trend. Since the 
lifetime is sensitive to the trend, drifts in the standards can lead to large errors in the lifetimes 
estimated by the trend method. Much time was spent, therefore, to ensure that there were no 
drifts in the calibration standards. If any tank is found to have a drift, it is immediately 
discarded. 

The results of periodic analysis of the calibration standards are shown in a set of Figures 2, 3, 
and 4 and are given in Tables 1, 2 and 3. The results show that the main calibration tanks 
had no significant drifts. These data also establish the limits and uncertainties associated with 
the long-term stability of the calibration standards. 

The absolute calibration has to be modified by a multiplicative factors as new and more 
refined methods become available. The original standards were made nearly 20 years ago. 
Since then, there have been improvements in the available instrumentation for precise analysis 
and in the purity of the materials available for the making of standards. Recently NIST 
(National Institute for Standards and Technology), formerly the National Bureau of Standards 
(NBS), has released standard reference materials (SRMs) for halocarbons. No such materials 
were available at the start of the project, so all standards used for ALE/GAGE were prepared 
by R.A. Rasmussen. These original primary standards, from 1976-1978, were recently 
compared to the NIST SRMs with the following results: x(F-ll) = 0.92; x(F-113) » 0.75 
x(CCl 4 ) = 0.72; x(CHjCClj) ■ 0.71 where x(gas) is the factor by which the original 
concentrations should be multiplied to arrive at the concentrations that would be consistent 
with the latest NIST SRM. (See also Rasmussen and Khalil, 1986, and Khalil and 
Rasmussen, 1984.) 
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Figure 1. 


Figure 2. 


Figure 3. 


Table 1. 


Table 2. 


Table 3. 


Section HI. A Review of the Stability of the Calibration Standards. 

Schematic of nine-box two-dimensional model of the atmosphere. Values of 
the diffusion coefficients ty and inverse advection times Vg are given in Table 1 
in Cunnold et al., 1983, page 8380 (see Appendix V). Atmospheric release of 
halocarbons is assumed to occur directly into boxes 1, 3, 5, and 7. 

The stability of trace gases measured in the GAGE program over a 14-year 
period. The graph shows the change relative to the original calibration value as 
Percent Deviation = [1 - C(t)/C(0)] 100%, where C(t) is the concentration in the 
tank at time t and C(0) was the original assigned concentration. 

The trends in the calibration for all gases. The trends are calculated as 1/C 
dC/dt x 100%. 


Concentrations of trace gases in the calibration tanks during the last 14 years. 
Note that these concentrations are on the original calibration scale and must be 
multiplied by the appropriate factors in Section III to convert to current scales. 

Changes in the concentrations of trace gases in the calibration tanks. The 
percent deviations are shown relative to the original calibration values. Data 
plotted in Figure 2. 

Trends in the concentrations of trace gases in the calibration tanks during the 
last 14 years. Data plotted in Figure 3. 
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Table 3 


: The stability of primary calibration standards over 16 years 


Tank # 


022 

028 

020 

032 

036 

004 

017 

N20 

Trend 

0.026 

0.001 


0.009 

-0.023 

0.021 

-0.020 


90% CL 

0.036 

0.023 


0.026 

0.026 

0.027 

0.039 

F-12 

Trend 

0.046 

-0.038 

0.027 

0.048 

0.008 

0.006 

0.061 


90% CL 

0.063 

0.057 

0.077 

0.058 

0.047 

0.081 

0.085 

F-l 1 

Trend 

0.075 

0.032 

0.030 

0.048 

0.051 

-0.023 

0.069 


90% CL 

0.056 

0.046 

0.044 

0.044 

0.047 

0.054 

0.071 

CH3CC13 

Trend 

0.090 

-0.033 

0.084 

0.053 

0.104 

-0.011 

-0.052 


90% CL 

0.145 

0.104 

0.098 

0.092 

0.099 

0.092 

0.125 

CC14 

Trend 

0.124 

-0.027 

0.082 

0.068 

0.096 

0.037 



90% CL 

0.126 

0.124 

0.068 

0.081 

0.055 

0.070 

0.090 
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IV. The Data at the Two Sites: Cape Meares and Samoa 

The data are displayed in the sets of Figures 5 and 6. These figures represent clean air 
concentrations (that is to say, without the pollution events) for the period of this project and 
beyond at the two sites we were responsible for. Similar data were obtained at the other two 
(or three) sites, namely Barbados and Cape Grim, Tasmania (and for some periods at 
Adrigole). Data for the other sites are included in the papers in Appendix V and have also 
been reported extensively in other documents produced by the U.S. agencies and international 
organizations dealing with the assessment of Atmospheric Ozone (see, for instance, WMO, 
1985; 1988; 1990; 1991). 

The main points of these figures are: 

1. They demonstrate the success of the experimental program in producing a very high 
precision data set for the main chlorofluorocarbons of interest in the issue of ozone depletion, 
namely F-l 1 and F-12. And a similarly high quality of data for the secondary compounds for 
the ALE/GAGE project, namely CH 3 CC1 3 , CCI4, N 2 0, F-l 13, and CH 4 . 

2. The graphs show the rates of change and the changes in the trends. These features can be 
explained by the available emissions data and global mass balance models. The data have 
been used in numerous publications (see Khalil and Rasmussen, 1993). 

3. Since we have demonstrated the high stability of the calibration standards in the last 
section, these data represent accurate trends of the chlorocarbons and the other gases we 
measured. The absolute calibration may still need revisions, but it is not likely to change by 
more than + 5% for any of the gases. 

The data plotted are on the original Rasmussen scale and should be adjusted according to the 
factors given in Section HI. 
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Section IV. The Data from Cape Meares and Samoa and Some Features of the Data 

Figure 4. The trends in the calibration for each gas and associated 90% confidence limits. 

Figure 5. The concentrations of F-ll, F-12, CH 3 CC1 3 , CC1 4 , F-113, N z O, and CH 4 at 

Cape Meares, including the period covered by the project discussed here. The 
data are shown for both the flask samples and the real-time instruments. Note 
that these concentrations are on the original calibration scale and must be 
multiplied by the appropriate factors in Section HI to convert to current scales. 

Figure 6. The concentrations of trace gases as in Figure 5, but for Samoa. 
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V. The Atmospheric Lifetimes and Results on Global Average OH. 

V 1 Lifetimes by the Trend and Mass Balance Methods 

The atmospheric lifetimes are obtained by using the ALE/GAGE nine-box model described 
earlier in Eqn. 5. In the published papers, Kalman Filtering techniques were used to obtain 
the optimal lifetime consistent with the measured concentrations at all four ALE/GAGE sites. 
These methods are described in detail in the papers by Cunnold et al. (1983) in Appendix V. 
The results of these calculations are summarized in Table 4 at the end of this section. 

To gain a deeper insight into the nature of the lifetime calculations, we performed additional 
calculations (see Khalil, 1994). A simpler model was used, consisting of four latitudinal 
regions (the semi-hemispheres) that is very closely tied to the data with measurements in each 
cell. This model can be derived from the ALE/GAGE model. In this model we defined the 
variance between measured and calculated values as a weighted average over all four sites: 

We then used a computer program to search for the value of the lifetime that would lead to 
the minimum variance of either the concentration (global mass balance) or the trend (trend 
method). That is to say, the best fit between theory and experiment for the trend or the 
concentration. The main findings of these calculations, relevant to this report, are shown in 
Figures 7a and b, and are summarized as follows: 

1) If the trend method is used, the minimum of the variance is not well defined. The value 
of the variance decreases slowly as the lifetime is changed towards the optimal value. But 
the variance changes extremely slowly as the lifetime is increased beyond the minimum. This 
means that while the method may provide an estimate of the lifetime, and it may provide a 
reasonable lower limit, it cannot provide a reasonable upper limit. While these limits can be 
improved by longer time of measurements, the time it would take to reduce the uncertainty of 
the upper limit of the lifetime is extremely long, and therefore is not practical. 
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2) The overburden method, on the other hand, establishes a well defined lifetime with 
relatively narrow uncertaines based on the variability of the data. It is, however, sensitive to 
to absolute calibration that, if in error, would cause an systematic error in the optimal lifetime 
and in the uncertainties associated with the calculated lifetime. 

3) The uncertainty of the estimated lifetime is dependent on the lifetime itself. For shorter- 
lived gases such as methylchloroform, the trend method can establish narrow limits of 
uncertainty, but for longer-lived gases the uncertainties are too large to estimate. 

The main implication of this result for the OGI ALE/GAGE project is that the trend method 
is not likely to produce a narrowing of uncertainties in the lifetimes for a long time to come. 
In fact, it may well be that if we continue to rely on the trend method, the estimated lifetime 
will continue to have very large uncertainties, no matter how precise the atmospheric 
measurements and how long the measurements are taken. The longer the measurements are 
taken the less the uncertainty in the estimated lifetime; however, this reduction in the 
uncertainty is very slow for the trend method and other limits to maintaining the accuracy and 
precision of the calibration standards may increase the uncertainties in the estimated lifetime 
during the same time (for additional details see Khalil, 1994). 

V.2 Estimating Global OH. 

Hydroxyl radicals (OH) are a highly reactive gaseous species in the atmosphere. Many man- 
made and natural gases are removed from the atmosphere primarily by reacting with OH. Yet 
because of its low concentrations and high reactivity, it is extremely difficult to directly 
measure OH in the atmosphere. The measured concentrations of methylchloroform have been 
used for a long time to estimate the effective globally averaged concentrations of OH. The 
idea is that if we know the emissions of methylchloroform and its concentrations and trends, 
then the only unknown in Eqn. 1 is the lifetime, which can be estimated from this equation. 
Assuming that the only process for removing methylchloroform from the atmosphere is the 
reaction with OH, we can write: 
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[OH] - 


_1 

(Keff^) 


( 10 ) 


where K eff is the effective rate constant for the reaction of OH with methylchloroform, which 
is measured in laboratory experiments, and t is the atmospheric lifetime determined as just 
described by using Eqn. 1, Eqn. 4, or similar more refined equations such as Eqn. 5. 

The ALE/GAGE measurements of methylchloroform have been instrumental in determining 
the average OH concentrations to a greater accuracy than was possible before. The average 
OH turns out to be about 8 x 10 s molecules/cm 3 . These results are also reported in the papers 
in Appendix V. 


Section V. Atmospheric Lifetimes and Results on Global Average OH 

Figure 7. The variances as a function of atmospheric lifetime. The variance is the sum 
of the squared differences between measured and calculated concentrations 
(from Khalil, 1994). 

Table 4. A summary of the lifetimes of halocarbons and other gases estimated from the 
GAGE measurements. 
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Figure 7 



CH3CCI3 Lifetime (Yrs) 
■B— b C 


1000 


700 


400 


100 



b 


C 


Variability (C) Variability (C) 




50 


Table 4. 


Estimates of trace gas lifetimes made throughout the ALE/GAGE 




Trace Gas 

Lifetime 
years (*) 

Calculation 

Technique 1 

Reference 

CFC1 3 

83 (-27, +73) 
70 (-25, +89) 

Trend 

Inventory 

Cunnold et al. (1983a) 

CF 2 C1 2 

769 (- 688 , +») 
69 (-18, +36) 

Trend 

Inventory 

Cunnold et al. (1983b) 

CH 3 CCI 3 

10.5 (-2.8, +6.2) 
9.8 (-2.3, +4.5) 

Trend 

Inventory* 

Prinn et al. (1983) 

ecu 

50 ( - 8 , +12) 
57 (-28, + 00 ) 

Trend 

Inventory 

Simmonds et al. (1983) 

cfci 3 

74 (-17, +31) 
68 ± ? 

Trend 

Inventory 

Cunnold et al. (1986) 

cf 2 ci 2 

Ill (-44, +222) 
69 ± ? 

Trend 

Inventory 


CH 3 Ca3 

6.9 (-0.9, +1.2) 
6.0 (- 0 . 8 , + 1 . 1 ) 
6.0 (-1.0, +1.4) 

Trend 

Inventory 

Gradient 

Prinn et al. (1987) 

n 2 o 

185 ± 7 to 137 ± 4 
179 to 164 (± 16) 

Trend 

Inventory 

Prinn et al. (1990) 

CH 3 Ca3 

4.8 (-0.7, +0.5) 
6.1 (-1.0, +1.4) 
6.0 ± 0.4 

Trend 

Inventory* 

Gradient 

Prinn et al. (1992) 

cfci 3 

55 (-11, +17) 
44 (-10, +21) 

Trend 

Inventory 

Cunnold et al. (1994) 5 

CF 2 C1 2 

256 (-107, +653) 
161 (-72, +672) 

Trend 

Inventory 


* la confidence limit 

t "Trend" method: the lifetime is estimated using an optimal allocation scheme based 

on the trends at the measurement sites; "Inventory" method: the lifetime is estimated 
by making a total inventory of the trace gas in the atmosphere, and its destruction 
rates; (see Cunnold et al., 1983a, for original discussion of these two techniques) 
"Gradient" method: the lifetime is estimated by comparing observed and model 
generated interhemispheric gradients (see Prinn et ah, 1986). 
t Called "content" method in this paper. 

§ With new calibration scale SIO 1993 (co-author R.F. Weiss) 
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VI. An Analysis of the High Frequency Measurements Compared to Flask Samples 

An alternative to the in situ automated measurements is to obtain samples of air in stainless 
steel (or glass) flasks and analyze them in the laboratory. The advantages of the flask 
sampling program are: 1) significantly lower cost, 2) the ability to measure many more gases 
simultaneously and therefore address new and emerging issues in global change science, and 
3) the ability to maintain a stringent control on the stability of the absolute calibration and 
hence the quality of the data. 

There are two ways of looking at the information that the ALE/GAGE type of measurements 
provide relative to the flask sampling programs. The first is to compare the trends and 
concentrations from the flask samples that are taken at the same sites as the "real time" 
automated instruments, and the second is to simulate what the data would be like for various 
types of flask sampling strategies. This simulation is done by selecting small subsets of data 
from the full ALE/GAGE data sets. Such an analysis has been done in detail by Khalil 
(1994) and is briefly summarized here as it relates to this project. 

First we have shown the results of the flask samples collected at the same sites where the 
ALE/GAGE measurements were taken (see Figures 5 and 6 in Section IV). The agreement 
between the two types of data is extremely good for most gases and times. There are 
occasional differences that are being analyzed. For CC1 4 and N 2 0 there seem to be some 
systematic differences between the flask samples and the ALE/GAGE real time data. We 
believe that the flask samples are correct and may require a readjustment of the "real time" 
data. This establishes a high degree of confidence in the quality of the ALE/GAGE data set. 
As mentioned earlier, the flask sampling provides a "Quality Assurance" for the ALE/GAGE 
data sets. The flask samples are measured on laboratory instruments, not the ones that take 
the automated measurements and are calibrated against primary laboratory standards instead 
of the secondary standards that are used in the field. 
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The second set of figures (Figure 8) is based on the simulated flask sampling analysis based 
on the ALE/GAGE 5-year data set that has been released to the scientific community. The 
project investigated the effect of reducing the sampling frequency on the amount of 
information in the time series as it affects the estimates of trends and lifetimes. The results 
are reported in a series of graphs only for F-12 - but similar results were obtained for all the 
gases. The first graph (Figure 8a) shows the trends of F-12 as the number of data used was 
reduced from all to one set of 3 back to back measurements/year. The graph shows that 
sampling frequencies as low as once per month give nearly the same trends as the full data 
set. As expected, the uncertainty in the estimate of the trend increases as fewer and fewer 
data are used. The statistical theory is discussed in the full report. The nature of the trends 
and uncertainties is shown in Figure 6b for Cape Meares F-12 (similar results are obtained for 
other gases and sites). 

The effects of reducing the sampling frequency on the estimated lifetime of F-12 is shown in 
Figures 9a and 9b. The first is for the trend method (represented by Eqn. 4) and the second 
is for the mass balance method (represented by Eqn. 1). The results show that there is very 
little difference in the lifetimes estimated by using all the data or reduced amounts of data, up 
to about one sample per two weeks. The uncertainties increase as less data are used. For 
sampling frequencies of less than one sample per 2 days, no upper limit for the lifetime could 
be calculated by the trend method. But the lower limit for the lifetime can be calculated for 
much reduced sampling frequencies. This reflects the nature of the trend method as 
previously shown in Figure 4. 

The consequence of these results for the present project are that: 


1) High frequency measurements such as in the ALE/GAGE program, no matter how 
precisely they are made, will not rapidly reduce the uncertainties in the lifetime because of 
the nature of the trend method for estimating lifetimes. 
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2) The length of the time series will also produce a slow reduction of uncertainties in the 
trend method. During the time it takes to reduce uncertainties, other factors may tend to 
increase the uncertainties. 


Section VI. Analysis of High Frequency Measurements Compared to Flask Samples. 
Figure 8. The effect of sampling frequency on the trends of F-12 (from Khalil, 1994). 


Figure 9. 


The effect of sampling frequency on the estimated lifetimes of F-12 (from 
Khalil, 1994). 
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VII. Conclusions 

In this final report we have provided a guide to the ALE/GAGE program and the role of the 
OGI group in the program. We have shown that our role has produced the following results: 

1) A high quality, high frequency data base on the time series of CC1 3 F, CC1 2 F 2) CH 3 CC1 3 , 
CC1 4 , and N 2 0. These gases play important roles in the global environment (see summary 
and references). Although our specific responsibility was to maintain two of four stations 
(Cape Meares and Samoa), we were also responsible for the uniformity of quality of data 
from all sites. 

2) We have shown the high level of stability of the calibration standards on which the 
quality of the data is based. We have also shown an independent verification of the high 
frequency field data by using flask samples. 

3) We have used the data to show that for most practical applications, the frequency of 
sampling can be reduced substantially without significant loss of information. 

4) Finally, the data have been used for determining the lifetimes and budgets of these gases. 
The use of the data is fully documented in the scientific literature, and we have summarized 
the salient points and attached the relevant publications for completeness. 

Appendix II shows where readers may be obtain the data for their own research and what 
data are included in the archive. 
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Professor, Department of Environmental Science, Oregon Graduate Center, Beaverton, OR, 
September 1977-1986. 

Professor, Institute of Atmospheric Sciences, Oregon Graduate Center, Beaverton, OR, 1986-1989. 

Professor, Center for Atmospheric Studies, Dept, of Environmental Science and Engineering, Oregon 
Graduate Institute, Beaverton, OR, 1989-present. 

III. Other Professional Activities 

Member, National Academy of Science-National Research Council panels: 

Vapor Phase Organic Air Pollutants from Hydrocarbons 
Ammonia 

Low-Molecular-Weight Halogenated Hydrocarbons 

Air Pollution Physics and Chemistiy Advisory Committee, EPA, 1972-1975. 

Environmental Pollutant Movement and Transformation Advisory Committee, EPA, 1975-1978. 

Member, Intersodcty Committee D-5, Hydrocarbon Analyses, 1973-1978; Substance Subcommittee 
#4/5, Carbon and Hydrocarbon Compounds, 1979-1984. 

American Meteorological Society Committee on Atmospheric Chemistry and Radioactivity, 1975-1979. 

Polar Ice Core Office Advisory Committee for Greenland Ice Sheet Program, NSF, 1976-79, 1986- 
1988. 

Review Board on Halogenated Alkancs/AIkencs, International Agency for Research on Cancer, WHO, 
1982-1985. 

American Chemical Society, Instructor, Air Toxics: Short Course, 1990-present 

IV. Professional Societies 

American Chemical Society, Air and Waste Management Association 

The Explorers Club. 


Date of Birth: 
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Appendix II: Where to Obtain the Data and What Is in the Archive 


The data that are currently available from the archives are described here. These data may be 
obtained from the following address: 


Carbon Dioxide Information Analysis Center 
Oak Ridge National Laboratory 
Building 1000, MS-6335 
P.O. Box 2008 

Oak Ridge, Tennessee 37831-6335, U.S.A. 

(615) 574-0390 
(615) 574-2232 (FAX) 

BITNET: CDP@ORNLSTC 

OMNET: CDIAC 

INTERNET: CDP@ORNL.GOV 


Data for the other ALE/GAGE sites are also available from the same source and are 
described by Boden et al. 


Reference: Boden et al., Editors. Trends '93. A compendium of data on global change. 
U.S. Department of Energy, Environmental Sciences Division, Publication No. 
ORNL/CDIAC-65, ESD Publication No. 4195. 
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Other Trace Gases and Atmospheric Aerosols 

Atmospheric CFC-11 (CCI 3 F), CFC-12 (CCI 2 F 2 ), and N 2 O 

from the ALE /GAGE network 

R.G. Prinn, R.F. Weiss, F.N. Aiyea, D.M. Cunnold, P.J. Fraser, P.G. Simmonds, 
A.J, Crawford, R.A. Rasmussen, and R.D. Rosen (continued) 

Cape Meares 


Period of Record 

1979-89 (CFC-11); 1980-89 (CFC-12 and N 2 0) 

Trends 

The ALE/GAGE site at Cape Meares, Oregon, U.S. A., was operated under the supervision of 
R.A. Rasmussen and A.J. Crawford of the Oregon Graduate Institute of Science and Technology. 
The site is located on the Pacific coast of Oregon, immediately overlooking the ocean -30 m 
above mean sea level. The site initially appeared to receive largely unpolluted Pacific air, but 
pollution episodes increased in more recent years. Measurements for CFC-11 began as part of 
ALE in December 1979. Due to start-up problems, reliable measurements for N 2 0 began in 
March 1980 and for CFC-12 in November 1980. These measurements continued as part of ALE 
through July 1984 and as part of GAGE from September 1983 through June 1989. 

The monthly mean mixing ratio of CFC-11 increased from 169.4 parts per trillion (ppt) in 
December 1979 to 253.9 ppt in June 1989. Cunnold et al. (1994) reported that the average rate of 
increase of CFC-11 was 8.8 ± 0.1 ppt/year from July 1978 to June 1988. The mixing ratio of 
CFC-12 increased from 326.2 ppt in November 1980 to 481.8 ppt in June 1989. For the period 
July 1978 to June 1988, Cunnold et al. (1994) determined that the average rate of increase of 
CFC-12 was 16.7 ± 0.2 ppt/ year. For both CFC-11 and CFC-12, the trends are highly significant 
(P< 0.0001). 

The time series of the monthly mean mixing ratios of N 2 0 shows little evidence of an upward 
trend until about mid-1981, after which the mixing ratio begins to increase in a generally linear 
fashion. During 1980-89, the monthly values show a highly significant (P < 0.0001) trend. The 
monthly mixing ratio increased from 301.1 parts per billion (ppb) in March 1980 to a high of 
309.1 ppb in December 1988 and then dropped slightly to 307.2 ppb in June 1989. For 1980-88, 
Prinn et al. (1990) calculated that the mixing ratio of N 2 0 increased by an average of 
0.94 ± 0 07 ppb/ year. No significant periodic oscillation is evident. Throughout the period of 
record, the daily N 2 0 variability is generally larger than at equatorial and Southern Hemisphere 
sites. 


CITE AS: Prinn, R.G., R.F. Weiss, F.N. Aiyea, D M. Cunnold, P.J. Fraser, P G. Simmonds, A.J. Crawford, R.A. Rasmussen, and 
R.D. Rosen. 1994. Atmospheric CFC-11 (CCI 3 F), CFC-12 (CCI 2 F 2 ), and N 2 O from the ALE/GAGE network, pp. 396-420. In 
T.A. Boden, D P. Kaiser, R.J. Sepanski, and F.W. Stoss (eds ). Trends '93: A Compendium of Data on Global Change. 
ORNL/CDIAC-65. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, Oak Ridge, Tenn., U.S.A. 
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Other Trace Gases and Atmospheric Aerosols 

Atmospheric CFC-11 (CC^F), CFC-12 (CC12F2), and N 2 O 
from the ALE /GAGE network 

R.G. Prinn, R.F. Weiss. F.N. Alyea. D M. Cunnold, P.J. Fraser, P.G. Simmonds, 

A.J. Crawford, R.A. Rasmussen, and R.D. Rosen (continued) 

Samoa 

Period of Record 

1978-89 

Trends 

The ALE/GAGE monitoring site in Samoa is located at the National Oceanic and Atmospheric 
Administration (NOAA) station at Cape Mata tula, on a rocky promontory overlooking the 
Pacific ocean -30 m above mean sea level. The ALE/GAGE operation at Samoa through 1989 
was carried out under the supervision of R.A. Rasmussen and A.J. Crawford of the Oregon 
Graduate Institute of Science and Technology. The site is now supervised by R.F. Weiss of the 
Scripps Institution of Oceanography (SIO). The site receives unpolluted oceanic air almost 
exdusively; during the southern summer, however, conditions during the Northern Hemisphere 
winter often allow air from the Northern Hemisphere to reach Samoa. Measurements at the site 
began in July 1978 and continued as part of ALE through May 1986. Beginning in July 1985, 
measurements were also collected as part of GAGE. After the conclusion of ALE, measurements 
at Samoa continued as part of GAGE through June 1989 and then began again in late 1990. 

The monthly mean mixing ratio of CFC-11 increased from 138.9 parts per trillion (ppt) in 
July 1978 to 240.8 ppt in June 1989. The mixing ratio of CFC-12 increased from 251.1 to 457.8 ppt 
during the same period. Cunnold et al. (1994) determined that the average rate of increase in 
atmospheric mixing ratios at Samoa from July 1978 to June 1988 was 9.2 ± 0. 1 ppt/ year for 
CFC-11 and 17.3 ± 0.2 ppt / year for CFC-12. For both CFC-11 and CFC-12, the trends are highly 
significant (P < 0.0001). In addition, annual cycles are evident for both CFC-11 and CFC-12; 
maximum mixing ratios are observed in late summer and minima in late winter 
(Prinn et al. 1983; Cunnold et al. 1994). 

The time series of the monthly mean mixing ratios of N 2 O is generally linear, except for an 
anomalously large increase during the first 4 months of record. The values show a highly 
significant (P < 0.0001) trend over the period of record. The monthly mixing ratio increased from 
293.8 parts per billion (ppb) in July 1978 to a high of 307.6 ppb in January 1989 to 306.1 ppb in 
June 1989. For January 1979 to June 1988, Prinn et al. (1990) calculated that the mixing ratio of 
N 2 O increased by an average of 0.91 ± 0.04 ppb/ year. No significant periodic oscillation is 
evident. 


CITE AS: Prinn, R.G., R.F. Weiss, F.N. Alyea, D.M. Cunnold, P.J. Fraser, P.G, Simmonds, A.J. Crawford, R.A. Rasmussen, and 
R.D. Rosen. 1994. Atmospheric CFC-11 (CCbF), CFC-12 (CCI 2 F 2 ), and N 2 O from the ALE/GAGE network, pp. 396-420. In 
T.A. Boden, D.P. Kaiser, R.J. Sepanski, and F.W. Stoss (eds.). Trends '93: A Compendium of Data on Global Change. 
ORNL/CDIAC-65. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, Oak Ridge, Tenn., U S A. 
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APPENDIX IE 

Publications: ALE-GAGE Program NASA Grant #NAGW-1348 

4-1-88 to 1-31-91 


The Atmospheric Lifetime Experiment, 1: Introduction, Instrumentation, and Overview. R.G. 
Prinn, P.G. Simmonds, R.A. Rasmussen, R.D. Rosen, F.N. Alyea, C.A. Cardelino, A.J. Crawford, 
D.M. Cunnold, P.J. Fraser, and J.E. Lovelock. J. Geophys. Res. 88, 8353-8367, 1983. 

The Atmospheric Lifetime Experiment, 2: Calibration. R.A. Rasmussen and J.E. Lovelock. J. 
Geophys. Res. 88, 8369-8378, 1983. 

The Atmospheric Lifetime Experiment, 3: Lifetime Methodology and Application to Three Years 
of CFC1 3 Data. D.M. Cunnold, R.G. Prinn, R.A. Rasmussen, P.G. Simmonds, F.N. Alyea, C.A. 
Cardelino, A.J. Crawford, P.J. Fraser, and R.D. Rosen. J. Geophys. Res. 88, 8379-8400, 1983. 

The Atmospheric Lifetime Experiment, 4: Results for CF 2 C1 2 Based on Three Years Data. D.M. 
Cunnold, R.G. Prinn, R.A. Rasmussen, P.G. Simmonds, F.N. Alyea, C.A. Cardelino, and A.J. 
Crawford. J. Geophys. Res. 88, 8401-8414, 1983. 

The Atmospheric Lifetime Experiment, 5: Results for CH 3 CC1 3 Based on Three Years of Data. 
R.G. Prinn, R.A. Rasmussen, P.G. Simmonds, F.N. Alyea, D.M. Cunnold, B.C. Lane, C.A. 
Cardelino, and AJ. Crawford. J. Geophys. Res. 88, 8415-8426, 1983. 

The Atmospheric Lifetime Experiment, 6: Results for Carbon Tetrachloride Based on 3 Years 
Data. P.G. Simmonds, F.N. Alyea, C.A. Cardelino, A.J. Crawford, D.M. Cunnold, B.C. Lane, 
J.E. Lovelock, R.G. Prinn, and R.A. Rasmussen. J. Geophys. Res. 88, 8427-8441, 1983. 

Atmospheric Lifetime and Annual Release Estimates for CFC1 3 and CF 2 C1 2 from 5 Years of ALE 
Data. D.M. Cunnold, R.G. Prinn, R.A. Rasmussen, P.G. Simmonds, F.N. Alyea, C.A. Cardelino, 
A.J. Crawford, P.J. Fraser, and R.D. Rosen. J. Geophys. Res. 91, 10797-10817, 1986. 

Atmospheric Trends in Methylchloroform and the Global Average for the Hydroxyl Radical. R. 
Prinn, D. Cunnold, R. Rasmussen, P. Simmonds, F. Alyea, A. Crawford, P. Fraser, R. Rosen. 
Science 238, 945-950, 1987. 

Atmospheric Emissions and Trends of Nitrous Oxide Deduced from 10 Years of ALE-GAGE 
Data. R. Prinn, D. Cunnold, R. Rasmussen, P. Simmonds, F. Alyea, A. Crawford, P. Fraser, and 
R. Rosen. J. Geophys. Res. 95, 18369-18385, 1990. 
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Global Average Concentration and Trend for Hydroxyl Radicals Deduced from ALE/GAGE 
Trichloroethane (Methyl Chloroform) Data for 1978-1990. R. Prinn, D. Cunnold, P. Simmonds, 
F. Alyea, R. Boldi, A. Crawford, P. Fraser, D. Gutzler, D. Hartley, R. Rosen, and R. Rasmussen. 
J. Geophys. Res. 97, 2,445-2,461, 1992. 

Khalil, M.A.K, R.A. Rasmussen, and F. Moraes. Atmospheric Methane at Cape Meares: 
Analysis of a High-Resolution Data Base and Its Environmental Implications. Journal of 
Geophysical Research 98 (D8), 14,753-14,770, 1993 

Cunnold, D.M., et al. Global Trends and Annual Releases of CC1 3 F and CC1 2 F 2 Estimated from 
ALE/GAGE and Other Measurements from July 1978 to June 1991. Journal of Geophysical 
Research 99 (Dl), 1,107-1,126, 1994. 


Cited in Acknowledgements: 

Atmospheric Methane at Cape Meares: Analysis of a High Resolution Data Base and Its 

Environmental Implications. M.A.K. Khalil, R.A. Rasmussen, and F. Moraes. J. Geophys. Res., 
14,753-14,770, 1993. 

Atmospheric Methane at Cape Meares, Oregon. M.A.K. Khalil and R.A. Rasmussen. Climate 
Monitoring and Diagnostics Laboratory, No. 21, Summary Report 1992, J.T. Peterson and R.M. 
Rosson, Editors, NOAA, Boulder, Colorado, December 1993, pp. 100-101. 
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APPENDIX IV 


Instrumentation 

HP 5840 Gas Chromatograph 

Cape Meares, December 11,1979 - August 1984 
Samoa, July 1, 1978 - May 22,1986 

HP 5880A Gas Chromatograph 

Cape Meares, January 18, 1983 * Present 
Samoa, July 6 , 1985 - January 1, 1990 

Enhancements to Instrumentation 

July 1990 - added an analog output board and analog input board to 
Cape Meares HP5880a system. The effect of this change was 
approximately a 10 fold increase in signal response to the integrator. 

The signal from the SP2100 column and mol sieve column are enhanced 
in this manner. 

Columns 

Porasil D 8 ’ x 1/4” 

10% SP2100 on Supelcoport 8 ’ x 1/4” 

Washed Mol Sieve 5a 6 ’ x 1/8” 

Detectors 

2 Electron Capture Detectors (ECD) 

Frequency Modulated 15 mCi Ni-63 detector 

1 Flame Ionization Detector (FID) 

Flow Rates 

ECD Detectors 

Make up Gas 95% Ar, 5% CH 4 " 50 ml/min 

FID Detector (on HP 5880A GC only) 

Carrier gasN 2 ' 30 ml/min 

H 2 ~ 25 ml/min 

60/40 * 300 ml/min 

Operating Conditions 

Isothermal Mode - Oven Temp 50°C 

10% SP2100 Channel Detector Temp 350°C, Injection Port Temp 270°C 
Porasil channel Detector Temp 200°C, Injection Port Temp 270°C 
Mol Sieve Channel Detector Temp 75°C 
Chart Speed 0.3 cm/min 
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Retention Times 

10% SP2100 Channel 


F-ll 

4.01 min 

F-113 

5.10 min 

CH3CCI3 

10.23 min 

CCL, 

11.83 min 

Porasil channel 


N 2 0 

2.51 min 

F-12 

3.57 min 

F-ll 

8.07 min 

Mol Sieve Channel 



CH 4 - Calibration 18.96 min 

CH 4 - Ambient 24. 16 min 

Data Acquisition System 

IBM PC XT computer 

Custom software written to interrogate HP5880A, download data 
and store to floppy disk. 
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Appendix V: Technical Publications 


Cunnold, D.M., et al. Global Trends and Annual Releases of CC1 3 F and CCI 2 F 2 Estimated 
from ALE/GAGE and Other Measurements from July 1978 to June 1991. Journal of 
Geophysical Research 99 (Dl), 1,107-1,126, 1994. /) 63 83 2~~ 

Khalil, M.A.K, R.A. Rasmussen, and F. Moraes. Atmospheric Methane at Cape Meares: 
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Geophysical Research 98 (D8), 14,753-14,770, 1993 #3/1 b & 
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Atmospheric Trends in Methylchloroform and the 
Global Average for the Hydroxyl Radical 

R. Prinn, D. Cunnold, R. Rasmussen, P. Simmonds, F. Alyea, 
A. Crawford, P. Fraser, R. Rosen 


Frequent atmospheric measurements of the anthropogenic compound methylchloro- 
form that were made between 1978 and 1985 indicate that this species is continuing to 
increase significantly around the world. Reaction with the major atmospheric oxidant, 
the hydroxyl radical (OH), is the principal sink for this species. The observed mean 
trends for methylchloroform are 4.8, 5.4, 6.4, and 6.9 percent per year at Aldrigole 
(Ireland) and Cape Mcarcs (Oregon), Ragged Point (Barbados), Point Matatula 
(American Samoa), and Cape Grim (Tasmania), respectively, from July 1978 to June 
1985. These measured trends, combined with knowledge of industrial emissions, were 
used in an optimal estimation inversion scheme to deduce a globally averaged 
methylchloroform atmospheric lifetime of 6.3 (+ 1.2, —0.9) years (lo- uncertainty) and 
a globally averaged tropospheric hydroxyl radical concentration of (7.7 ± 1.4) X 10 s 
radicals per cubic centimeter (lo uncertainty). These 7 years of gas chromatographic 
measurements, which comprise about 60,000 individual calibrated real-time air 
analyses, provide the most accurate estimates yet of the trends and lifetime of 
methylchloroform and of the global average for tropospheric hydroxyl radical levels. 
Accurate determination of hydroxyl radical levels is crucial to understanding global 
atmospheric chemical cycles and trends in the levels of trace gases such as methane. 


ETHYLCHLOROFORM IS A LONG- 
livcd atmospheric species whose 
only known sources arc anthro- 
pogenic. It is widely used in industry as a 
solvent for degreasing and in other applica- 
tions; its global production and use acceler- 
ated significantly in the mid-1970s as it 
replaced the increasingly regulated solvent 
trichloroethylene (1). Its concentration has 
rapidly increased worldwide (1-3). This in- 
crease is of considerable concern because 
methylchloroform is a significant strato- 
spheric source of atomic chlorine and chlo- 
rine monoxide (4) that can catalytically de- 
stroy stratospheric ozone (5), and because it 
is one of the greenhouse gases that may 
contribute to future climate change (<5). 

The principal recognized atmospheric 
sink for methylchloroform (CH 3 CCI 3 ) is the 
reaction (7, 8) 

CHjCCI 3 + OH — CHjCCIj + H 2 0 (1) 

The global rate of loss of CHjCClj, which 
can be deduced from its known industrial 
emissions and observed global trends, can be 
used to deduce accurately an appropriately 
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weighted globally averaged tropospheric 
concentration for the hydroxyl radical (OH) 
(1-3, 8). Knowledge of precise OH concen- 
trations is crucial because OH is widely 
recognized as the major gas- phase oxidant in 
clean tropospheric air. Thus it plays a central 
role in tropospheric chemistry, including 
chemical destruction of a wide range of 
species of anthropogenic and natural origin 
that arc important radiativcly or chemically 
or both (for example, CO, CH 4 , NO x , and 
S0 2 ) (9). 

Since 1978 we have performed frequent 
(4 to 12 measurements per day) real-time 
gas chromatographic measurements of 
methylchloroform at stations throughout 
the world, first as part of the Atmospheric 
Lifetime Experiment (ALE) and (since late 
1984) as part of the Global Atmospheric 
Gases Experiment (GAGE) (1, 10). The 
surface measurement stations are located at 
coastal sites remote from industrial and ur- 
ban sources and arc designed to measure 
accurately the tropospheric trends of trace 
gases whose lifetimes arc long compared to 
global tropospheric mixing times (11). In 
this report we present and interpret ALE- 
GAGE data obtained over the 7-ycar period 
from July 1978 to June 1985 which, primar- 
ily because of the greater number of mea- 
surements, provide much more accurate de- 
terminations than previously possible (1-3, 
8) of the global trend and atmospheric 
destruction time for methylchloroform and 
for the globally averaged OH concentration. 

Monthly mean volume mixing ratios for 
methylchloroform were computed from the 
approximately 100 to 400 measurements 
made each month at each of the five ALE- 



13 NOVEMBER 1987 


REPORTS 945 




CMOfffAi; PAGE It 


. OF POOP Ol!A» 

GAGE stations (Tabic 1). The data arc 
calibrated with a more accurate absolute 
standard than was used previously (12). 
Each station (or combination of stations in 
the ease of Ireland and Oregon) is intended 
to be indicative of the air between the 
surface and a pressure of 500 mbar in die 
semihemisphere in which it lies. Objective 
techniques were used therefore to recognize 
periods (typically less than a few days in 
duration) of local air pollution (1, 10, 13). 
These time periods are not represented in 
die data reported here but have been ar- 
chived (14) and used to deduce information 
on local sources (J5). 

Greater variability in mcthylchloroform 
levels is observed at Northern Hemisphere 
sites than at Southern Hemisphere sites even 
after removal of local pollution effects in the 
data. This variability is expected on dieoreti- 
cal grounds because of die presence of conti- 
nental-scale methylchloroform source rc- 


rrv 

seasonal cycles differ from those observed 
for the Freons or chlorofluoromethancs 
(17). In particular, Adrigole and Cape 
Mcares arc out of phase for mcthylchloro- 
form but in phase for the Freons; there is a 
significant cycle for the Freons at Point 
Matatula but not at Ragged Point (17). 
These differences must be due to differences 
in space and time in the emissions of meth- 
ylchloroform and the Freons. The seasonal 
cycle of methylchloroform at Tasmania has 
been attributed to seasonal cycles either in 
OH (3) or in interhemispheric circulation 
( 0 - 

Detailed information on annual produc- 
tion P(t) and sales S(t) of mcthylchloroform 
worldwide in year t arc available from indus- 
try sources (18). Global emissions E(t) arc 
computed from these data with the formula 

E(t) = (1 - a)fS(t) + a/S(t - 1) 


= (1 - a - b + ab)fP(t) + 

(a + b - 2ab)fP(t - 1) + abfP(t - 2 

Here a is the fraction of annual sales 
enters the user’s inventory, b is the fra 
of annual production entering the pre 
eris inventory, and/is the fraction of at 
sales to the users that is released (the rer 
der is destroyed or incarcerated). By i 
assessments of a, b, and / and their 
uncertainties, which were based on ind 
information (19), we computed E(t) v 
with 2 a uncertainties (Table 3). 

To deduce the chemical destruction 
of mcthylchloroform in the atmosf 
from the observed concentrations anc 
above emissions, we used an optimal cst 
tion inversion technique (17, 20). The 
nique includes the use of a two-dimens: 
model (eight tropospheric boxes, one u 
atmospheric box) of the global atmosp 


gions (North America, Europe, eastern 
Asia, and Japan) in the northern mid-lati- 
tudes that have no Southern Hemisphere 
analog (16). After removal of pollution ef- 
fects, mcthylchloroform levels were still 
slightly greater at Adrigole dian at Cape 
Meares, probably reflecting higher mcth- 
ylchloroform concentrations in Adantic air 
compared to Pacific air, which is also expect- 
ed theoretically (16). Although most of the 
variance in the mondily mean data is associ- 
ated with real atmospheric variability, there 
arc also instrumental contributions associat- 
ed with detector signal processing and cali- 
bration tank changes (1, 10). 

The long-term components of variability 
in the monthly-mean mixing ratios x, mea- 
sured at station i can be described by an 
empirical model 

X, = a, + bjt + d/t 1 + e,P + c, cos (2-rrf) 

+ S( sin (2irt) (2) 

in which t is time (in years) measured from 
die midpoint of the record (1 January 1982 
unless otherwise noted). Maximum likeli- 
hood estimates of the coefficients in Eq. 2 
and their uncertainties (Table 2) are com- 
puted with techniques described elsewhere 
(17). Approximating Eq. 2 by using zero- 
order and first-order Legendre polynomials, 
the mean concentration is «, + 4.08 d h and 
the mean linear trend is b, + 7.35 c t over die 
7-ycar period of the observations. From the 
mean concentrations it is evident that a 
strong north-to-south gradient exists. Statis- 
tically significant negative values for df at the 
stations indicate that the trends decrease 
with time in a manner consistent with a slow 
approach to a steady state. Significant sea- 
sonal cycles (described by q and si) arc 
evident in the Northern Hemisphere sites 
and in Tasmania but not at Samoa. These 


Table 1. Monthly mean mixing ratios (x) and standard deviations (a) observed at ALE-GAGE 
over the period July 1978 to June 1985. Units are parts per trillion by volume. For Oregon (begir 
September 1983) and Tasmania (beginning July 1981), ALE (HP 5840) and GAGE (HP 5 


Vi*tr 


Ireland 

Oregon 

Barbados 

Samoa 

Tasma 



X 

11 

X 

< 1 

X 

<T 

X 

<r 

X 

1978 

7 

112.1 

4.6 

0.0 

0.0 

99.6 

5.8 

71.1 

2.9 

68.8 

1978 

8 

109.8 

3.8 

0.0 

0.0 

99.5 

6.2 

72.1 

3.4 

66.6 

1978 

9 

105.8 

3.9 

0.0 

0.0 

94.2 

8.2 

72.4 

2.9 

68.5 

1978 

10 

107.4 

3.8 

0.0 

0.0 

94.6 

8.2 

74.2 

2.9 

70.8 

1978 

11 

107.7 

3.3 

0.0 

0.0 

92.7 

7.1 

74.6 

4.2 

74.9 

1978 

12 

0.0 

0.0 

0.0 

0.0 

99.3 

6.7 

75.0 

5.1 

74.2 

1979 

1 

111.4 

4.6 

0.0 

0.0 

100.2 

7.4 

78.0 

3.3 

73.1 

1979 

2 

112.7 

3.1 

0.0 

0.0 

99.8 

7.0 

75.8 

3.6 

73.1 

1979 

3 

112.2 

5.0 

0.0 

0.0 

100.9 

6.9 

76.6 

3.0 

75.1 

1979 

4 

115.4 

4.9 

0.0 

0.0 

0.0 

0.0 

76.2 

3.4 

76.5 

1979 

5 

117.2 

4.6 

0.0 

0.0 

101.7 

3.3 

77.9 

2.0 

76.6 

1979 

6 

117.7 

5.1 

0.0 

0.0 

99.9 

4.6 

78.5 

0.7 

78.1 

1979 

7 

115.1 

5.6 

0.0 

0.0 

102.8 

6.6 

79.7 

1.1 

77.3 

1979 

8 

115.8 

5.0 

0.0 

0.0 

105.7 

4.2 

81.2 

1.7 

78.7 

1979 

9 

116.9 

5.1 

0.0 

0.0 

99.0 

7.4 

81.3 

1.9 

79.8 

1979 

10 

120.3 

4.1 

0.0 

0.0 

98.9 

5.9 

83.0 

1.8 

80.8 

1979 

11 

119.7 

5.8 

0.0 

0.0 

102.8 

5.8 

85.1 

1.7 

81.5 

1979 

12 

122.5 

5.6 

125.4 

7.0 

105.2 

4.1 

79.1 

4.6 

81.0 

1980 

1 

121.8 

6.4 

127.7 

4.8 

107.8 

5.0 

84.0 

2.4 

80.6 

1980 

2 

123.0 

5.4 

0.0 

0.0 

108.5 

5.2 

86.2 

2.6 

81.0 

1980 

3 

126.6 

5.7 

123.9 

1.9 

112.5 

3.8 

86.7 

2.6 

82.4 

1980 

4 

130.1 

6.0 

126.4 

2.4 

110.1 

3.1 

87.1 

3.1 

82.0 

1980 

5 

132.1 

5.9 

126.3 

1.8 

111.0 

3.8 

88.2 

1.8 

85.9 

1980 

6 

130.6 

6.6 

124.1 

2.4 

1 13.8 

3.4 

89.2 

1.2 

86.8 

1980 

7 

130.7 

5.0 

120.8 

2.9 

112.9 

4.6 

90.5 

0.8 

87.6 

1980 

8 

127.0 

4.7 

121.5 

2.4 

111.3 

3.4 

91.6 

1.0 

88.7 

1980 

9 

124.8 

4.2 

125.4 

6.2 

109.6 

6.6 

92.1 

1.6 

89.9 

1980 

10 

127.4 

4.4 

132.1 

6.6 

109.9 

6.3 

92.5 

1.0 

90.8 

1980 

11 

129.0 

3.8 

130.1 

5.4 

114.9 

4.6 

94.2 

1.8 

90.6 

1980 

12 

129.2 

4.0 

128.2 

4.6 

115.4 

6.2 

96.1 

3.0 

89.4 4 

1981 

1 

128.5 

5.8 

129.4 

4.2 

114.8 

4.4 

96.7 

3.2 

89.4 ■ 

1981 

2 

129.4 

4.2 

133.0 

7.8 

116.8 

4.2 

0.0 

0.0 

89.7 ( 

1981 

3 

130.2 

4.9 

128.6 

2.9 

112.6 

3.8 

97.8 

1.6 

91.2 

1981 

4 

131.9 

3.3 

128.9 

2.2 

117.4 

5.3 

96.2 

1.9 

92.1 1 

1981 

5 

135.0 

4.0 

129.8 

2.9 

119.1 

3.6 

95.9 

2.3 

92.8 

1981 

6 

135.3 

4.7 

130.6 

2.2 

117.5 

3.4 

97.4 

1.5 

93.4 

1981 

7 

131.4 

6.3 

126.4 

3.5 

120.4 

3.7 

97.4 

1.8 

93.2 

1981 

8 

131.9 

5.1 

126.2 

3.0 

116.4 

7.2 

99.4 

1.0 

0.0 l 

1981 

9 

134.2 

6.5 

128.9 

2.8 

115.9 

6.2 

100.2 

is 

93.7 ] 

1981 

10 

134.2 

5.4 

131.0 

3.1 

116.6 

5.4 

97.8 

1.4 

96.2 i 

1981 

11 

134.7 

5.4 

134.3 

2.4 ' 

116.3 

4.8 

97.9 

1.7 

96.5 1 

1981 

12 

137.2 

5.4 

135.8 

2.5 

115.4 

4.2 

98.8 

2.2 

97.2 ; 
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ith horizontal surfaces at ^n^n*SoT 


id 0 mbar and tropospheric vertical sur- 
ces at latitudes 30°N, 0°, and 30°S. Mean 


Ivectivc and eddy diffusive transports in 
ic model are specified from meteorological 
bscrvations and an optimal fit to global 
itt for the Freons fluorotrichloromethanc 
id dichlorodifluoromethanc (17). The 
xive methylchloroform emissions are input 
ito the four lower tropospheric boxes in 
ic model. The chemical lifetime for meth- 
lchloroform in the upper atmospheric box 
6 years) is specified from detailed calcula- 
ions in a global three-dimensional circula- 
ion model (/<“>). The lifetime t, in the ith 
roposphcric box is given by 

Tf' = *,A[OH],’ (4) 

/here t, is the temperature-dependent rate 
onstant for reaction 1 in box i, [OH],* is a 
leoretical estimate of the OH concentra- 


i (21), and A is an unknown 
dimensionless coefficient by which the theo- 
retical estimates are to be multiplied to 
provide an optimal fit between the model 
and observed methylchloroform concentra- 
tions and trends (1). There is also sufficient 
information in the observations to permit an 
estimate of the factor a by which our current 
absolute concentrations should be multi- 
plied to provide the best fit to the emission 
and station data. Because the two-dimen- 
sional model is not capable of accurately 
simulating oscillations associated with the 
measurement technique {for example, peri- 
odic renewal of on-site calibration gases) or 
natural meteorological oscillations on inter- 
annual, seasonal, and shorter term time 
scales, the 12-month running mean model 
predictions are used. The model is then 
augmented by two empirical models that arc 
designed to describe the spectrum of the 


lonthlv data were combined by weighting equally ALE and GAGE monthly means to determine x, 
id ALE and GAGE individual measurements to determine a. An absolute calibration factor of 0.8 is 
idudcd. 


fear 

Month 

Ireland 

Oregon 

Barbados 

Samoa 

Tasmania 

X 

a 

X 

O’ 

X 

<T 

X 

(7 

X 

c r 

.982 

1 

132.4 

5.8 

134.6 

1.4 

120.3 

3.1 

99.4 

2.4 

96.7 

1.6 

1982 

2 

133.8 

4.9 

135.3 

2.9 

120.5 

3.0 

101.8 

2.7 

96.6 

1.5 

1982 

3 

138.9 

6.6 

136.4 

2.3 

120.1 

3.0 

100.0 

1.0 

97.0 

1.4 

1982 

4 

140.9 

5.1 

139.6 

2.1 

126.0 

3.3 

0.0 

0.0 

98.3 

1.6 

1982 

5 

138.5 

5.2 

139.0 

1.8 

123.8 

3.8 

0.0 

0.0 

100.1 

0.9 

1982 

6 

138.8 

3.7 

136.9 

2.2 

124.1 

3.0 

101.3 

1.4 

101.4 

0.7 

1982 

7 

138.3 

5.5 

134.4 

2.5 

125.6 

2.8 

100.9 

1.6 

102.2 

0.9 

1982 

8 

134.5 

4.6 

131.0 

2.8 

125.0 

3.8 

102.2 

1.7 

103.1 

0.9 

1982 

9 

135.5 

5.6 

130.6 

3.9 

121.3 

4.9 

102.1 

1.3 

103.3 

0.5 

1982 

10 

139.8 

5.0 

134.5 

2.6 

119.3 

5.2 

102.1 

1.0 

103.9 

0.7 

1982 

11 

142.8 

4.2 

135.9 

2.3 

123.1 

4.5 

101.4 

0.9 

103.8 

0.7 

1982 

12 

141.4 

5.2 

138.9 

2.2 

130.1 

3.6 

100.9 

1.0 

103.0 

0.5 

1983 

1 

138.2 

4.6 

137.4 

3.6 

128.9 

3.8 

100.2 

0.9 

102.4 

0.5 

1983 

2 

140.5 

4.3 

137.5 

2.0 

127.4 

3.8 

101.8 

1.2 

102.7 

0.9 

1983 

3 

141.8 

3.4 

141.6 

3.4 

125.4 

3.0 

102.9 

1.1 

103.2 

0.7 

1983 

4 

145.1 

4.1 

143.1 

3.8 

130.4 

3.0 

103.4 

1.2 

103.7 

0.9 

1983 

5 

150.2 

5.5 

141.7 

2.3 

129.0 

2.2 

104.6 

1.2 

104.8 

0.8 

1983 

6 

146.4 

6.2 

141.4 

2.2 

128.4 

3.7 

105.9 

1.0 

105.4 

0.7 

1983 

7 

142.4 

3.0 

139.4 

1.8 

130.3 

5.2 

106.6 

1.0 

106.6 

0.9 

1983 

8 

142.3 

3.3 

137.1 

3.2 

129.7 

6.0 

106.8 

1.0 

107.2 

0.9 

1983 

9 

139.3 

3.7 

138.1 

3.4 

127.0 

4.2 

108.2 

1.0 

107.0 

0.7 

1983 

10 

141.8 

4.6 

141.6 

2.4 

124.7 

4.2 

107.6 

1.0 

107.3 

0.5 

1983 

11 

146.2 

4.9 

143.5 

2.1 

125.4 

5.2 

106.6 

1.3 

107.1 

0.6 

1983 

12 

147.1 

4.6 

147.0 

3.2 

132.1 

4.1 

109.1 

1.8 

106.3 

0.7 

1984 

1 

0.0 

0.0 

143.0 

0.5 

132.6 

2.5 

111.6 

2.4 

105.6 

0.6 

1984 

2 

0.0 

0.0 

147.3 

2.7 

132.3 

3.4 

112.6 

2.5 

105.4 

0.6 

1984 

3 

0.0 

0.0 

147.2 

2.5 

135.5 

3.1 

114.5 

5.4 

106.0 

0.7 

1984 

4 

0.0 

0.0 

149.3 

1.2 

131.6 

2.3 

111.9 

3.6 

106.5 

0.8 

1984 

5 

0.0 

0.0 

150.4 

1.6 

135.8 

3.0 

109.0 

1.4 

107.2 

1.0 

1984 

6 

0.0 

0.0 

150.4 

1.7 

136.5 

3.4 

110.0 

0.9 

108.4 

1.0 

1984 

7 

0.0 

0.0 

147.3 

2.9 

137.7 

4.9 

111.0 

1.4 

109.4 

1.0 

1984 

8 

0.0 

0.0 

143.4 

2.5 

139.6 

3.8 

112.2 

1.0 

110.5 

1.2 

1984 

9 

0.0 

0.0 

144.8 

3.1 

135.4 

4.9 

113.2 

1.6 

110.8 

0.6 

1984 

10 

0.0 

0.0 

149.8 

2.1 

134.2 

3.8 

112.6 

1.4 

112.2 

1.9 

1984 

11 

0.0 

0.0 

152.0 

2.4 

132.0 

7.0 

113.5 

2.4 

111.8 

1.6 

1984 

12 

0.0 

0.0 

154.1 

2.2 

139.6 

3.4 

115.6 

3.0 

112.1 

1.6 

1985 

1 

0.0 

0.0 

158.4 

5.2 

140.5 

4.3 

116.5 

5.6 

112.3 

1.4 

1985 

2 

0.0 

0.0 

153.0 

1.9 

140.8 

5.7 

117.2 

2.3 

112.0 

1.1 

1985 

3 

0.0 

0.0 

155.4 

1.7 

142.6 

3.2 

116.4 

2.9 

112.8 

1.4 

1985 

4 

0.0 

0.0 

155.8 

2.3 

140.1 

3.i 

115.8 

1.9 

114.6 

1.3 

1985 

5 

0.0 

0.0 

155.7 

1.0 

144.0 

3.1 

116.7 

2.9 

115.6 

1.2 

1985 

6 

0.0 

0.0 

155.8 

1.6 

137.4 

2.5 

116.5 

1.8 

116.2 

1.2 


differences between the observations and the 
two-dimensional model predictions [that is, 
the residuals that for methylchloroform have 
a mean standard deviation of 2.4 parts per 
trillion by volume (pptv)]. Lower frequen- 
cies in this spectrum of residuals were fit 
with a first-order auto-regressive model 
common to all sites with a correlation of 0.5 
after 1 month; higher frequencies were 
modeled by assuming that the spectra at 
each site wefe the same as those found in the 
residuals between the observations and the 
empirical model (Eq. 2). Because both the 
Adrigole and Cape Means stations lie in the 
region from 30° to 90°N, the concentrations 
observed at these sites vycre combined into a 
single time series in which they overlap in 
time by adding 0.493 times the Adrigole 
concentrations to 0.507 times the Cape 
Mearcs concentrations (this slighdy unequal 
weighting avoids producing spurious trends 
because of the different mean concentrations 
and observational time periods at the two 
sites). 

The optimal estimation scheme we used 
(17, 20) was designed to minimize the 
squares of the deviations between the loga- 
rithms of the observed (x) and model-calcu- 
lated (xc) mixing ratios at time t (months) 

In x(t) - In Xc(0 = -In a 

pin xc (t ~ At) 

- \A(t) -A(t-M)] | aA 
d pin Xc(t ~ At) I At ) 

+ *[ * J 1 (5> 

by continuously updating the values of a, A, 
and thus d In Xc^ in die model. Because A 
and the inverse atmospheric lifetime 1/t of 
methylchloroform arc equivalent variables 
(1), A in Eq. 5 can also be replaced by 1/t. 

Estimates of 1/t (or A) can be obtained 
with each station data set alone or all stadon 
data sets simultaneously (Table 4). The esti- 
mate of lifetime obtained by using all station 
data and including emission trend uncer- 
tainty (Table 3) is 6.9 (+1.2, —0.9) years 
(la). The estimate for a is 1.09, which is in 
satisfactory agreement with our absolute 
calibration uncertainty of ±10% (la). Rela- 
tive to the lifetime estimates for 3 years of 
data (/), dicre is substantially closer agree- 
ment between the individual site lifetime 
estimates because of the much better defini- 
tion of long-term variability in mcthylchlor- 
oform with 7 years of data. Moreover, all 
the individual site lifetime estimates arc 
shorter in this report because of increases of 
5 to 10% in the estimates of global sales 
between 1979 and 1983 (25). This sensitiv- 
ity of the lifetime estimates to the emissions 
during this period was emphasized in our 
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report (7), which noted that hypothetical form from 10 to 6.5 years. more accurately measured than the tc 

changes of up to 8% in the emissions could The above method for determining t atmospheric content ( which requires kfto 
reduce the estimated lifetime deduced from makes maximum use of the fractional trends edge of absolute calibration). An altcmat 

3 years of data on trends in mcthylchloro- in the concentration at each site that are method for determining t that invoh 

matching model and observed contents 
17, 20) yields t = 6.0 (+1.1, -0.8) ye 

Table 2. Optimally determined coefficients (with lo uncertainties) in empirical model (Eq. 2) fit to (let) based on the 7 years of data a 

data in Table 1. The mean fractional trends for the 7-ycar time intervals are given by (b, + 7.35 r,)/(«, + includes emission uncertainties. The < 



Site 


«r 

(pptv) 


b, d, 

(pptv (ppcv 

year' 1 ) year ) 


(pptv 

year"-*) 


0 

(pptv) 


Si 

(pptv) 


crease in the t estimate by this method fre 
that obtained from 3 years of data (i) 
almost entirely due to the revision of abi 
lute calibration for methylchloroform (1. 


Adrigolc, 135.6 ±0.6 5.1 ± 0.8 0.0 ± 0.3 0.1 ±0.3 1.3 ± 0.7 -1.4 ±0.7 

Ireland* 


The calculated atmospheric content w 
2400 x 10* g on 1 January 1982, which 


Cape Mcarcs, 132.9 ± 0.5 4.8 ± 0.8 

Oregon* 

Adrigolc and 134.3 ± 0.4 5.1 ± 0.3 

Cape Mcarcst 

Ragged Point, 120.0 ± 0.4 6.1 ± 0.3 
Barbados! 


0.2 ± 0.4 0.2 ±0.4 -1.0 + 0.6 -2.6 ± 0.7 

-0.2 ±0.1 0.17 ± 0.04 0.2 ±0.5 -1.8 ±0.5 

-0.2 ±0.1 0.04 ± 0.04 1.2 ±0.4 -1.4 ±0.4 


the midpoint of the 7-year data period; d 
result is sensidve to our specified rime of 
years for mixing between the upper trop 
spheric boxes and the stratospheric box 
our model. 


Point Matatula, 99.0 ± 0.6 5.1 ± 0.5 -0.4 ± 0.1 0.16 + 0.06 -0.2 ± 0.5 0.1 ± 0.5 

American Samoa! 

Cape Grim, 97.0 + 0.3 6.0 ± 0.3 -0.5 ± 0.1 0.07 + 0.03 0.2 ± 0.3 1.0 ± 0.3 

Tasmania! 

"Fmm December 1979 through December 1983. tFrom July 1978 through June 1985. 


A third method for determining t cor 
pares observed and model-calculated latit 
dinal gradients. If we take into account d 
uncertainty in the observed latitudinal grac 
ent that results from uncertainties in the 3' 


Table 3. Global emissions E(r) computed with F.q. 3 and industry data {II I, 19). Units arc 10 9 g/ycar 
and uncertainties arc 2rr. Also shown arc modified emissions computed by adding or subtracting the 
quantity 4.353 times f (where t is time in years measured from 1 July 1980) for the years 1976 to 1985, 
which represents the maximum and minimum trends in emissions in the period from 1976 to 1985 
consistent with the 2cr uncertainties. 


to 90°N average concentration (cxcmplifit 
by the difference between Adrigolc ar 
Cape Mcarcs a, values) and in the concentr 
tions at the other three stations (Table 2 
we calculate that t = 6.0(+1.4, -1.0) yea 
(la). Uncertainties in the latitudinal discr 


Year 

Emission 

Uncer- 

tainty 

Maximum 

trend 

Emissions 

Minimum 

trend 

1951 

0.09 

0.01 

0.09 

0.09 

1952 

0.18 

0.0 1 

0.18 

. 0.18 

1953 

0.88 

0.09 

0.88 

0.88 

1954 

0.58 

0.23 

2.58 

2.58 

1955 

7.47 

0.67 

7.47 

7.47 

1956 

12.55 

0.95 

12.55 

12.55 

1957 

18.83 

1.37 

• 18.83 

18.83 

1958 

20.40 

1.35 

20.40 

20.40 

1959 

29.11 

2.11 

29.11 

29.11 

1960 

35.23 . 

2.39 

35.23 

35.23 

1961 

37.36 

2.46 

37.36 

37.36 

1962 

54.22 

3.95 

54.22 

54.22 

1963 

54.62 

3.58 

54.62 

54.62 

1964 

57.45 

4.54 

57.45 

57.45 

1965 

75.37 

5.08 

75.37 

75.37 

1966 

105.14 

7.39 

105.14 

105.14 

1967 

133.21 

8.92 

133.21 

133.21 

1968 

147.07 

9.38 

147.07 

147.07 

1969 

156.42 

9.90 

156.42 

156.42 

1970 

168.74 

10.73 

168.74 

168.74 

1971 

178.54 

11.29 

178.54 

178.54 

1972 

242.12 

16.89 

242.12 

242.12 

1973 

319.00 

21.76 

319.00 

319.00 

1974 

360.98 

23.18 

360.98 

360.98 

1975 

352.58 

22.04 

352.58 

352.58 

1976 

419.31 

19.59 

399.72 

438.98 

1977 

455.50 

21.24 

440.27 

470.74 

1978 

476.21 

22.17 

465.33 

487.10 

1979 

540.59 

25.39 

534.06 

547.12 

1980 

544.91 

25.28 

542.73 

547.08 

1981 

538.68 

24.97 

540.85 

536.50 

1982 

510,91 

23.65 

517.44 

504.38 

1983 

515.97 

23.97 

526.85 

505.09 

1984 

550,03 

37.71 

565.26 

534.79 

1985 

581.22 

39.84 

600.81 

561.63 


bution of emissions arc not included hci 
but are not expected to be a significar 
source of error. 

By combining all direc of the above waj 
of analyzing the data, the best estimate of 1 
t is 0.159 ± 0.026 year -1 (lcr); that is, th 
atmospheric lifetime of methylchloroform i 
6.3 (+1.2, -0.9) years (la). If we assum 
that 6.3 years is the precise mcthylchloro 
form lifetime, an alternative inversion prob 
lem can be solved in which the emission 
E(t) are the unknowns rather than 1/t ( 17) 
In this way, for the seven successive 12 
month intervals beginning July 1978, w< 
predict emissions (in units of 10 9 g/ycar) o 
497 + 41, 553 + 24, 509 ± 20, 519 ± 42 
520 ± 50, 574 ± 61, and 583 + 26. These 
generally compare well with emissions foi 
these intervals deduced from industry data 
(Table 3). 

Our best estimate for 1/t = 0.159 ± 
0.026 year -1 (or, equivalently, A = 0.661 ± 
0.121) corresponds to a globally averaged 
tropospheric OH concentration of (7.7 ± 
1.4) x 10 J radicals cm -3 (la uncertainties). 
This estimate is much more accurate than 
that derived from the much smaller data sets 
previously available (1-3, 8). Since meth- 
ylchloroform concentrations arc propor- 
tional to total air density and since the rate 
of reaction 1 increases with air temperature, 
this average OH concentration must be 
interpreted as an appropriate density- and 
temperature- weighted average. On the basis 
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Table 4. Lifetime; estimates for methylchloroform derived from trends in 7 years of Al .F.-GAGF. data at 
cadi site and lor all sites combined. Uncertainties are I <r and, in contrast to uncertainties given in I’riiin 
(t al. (I), include allowance for (Kitcnnal biases of die lime series inferred from die variance of die 
individual site lifetime estimates. Also given are lifetimes derived from global atmospheric content and 
from latitudinal gradients. 


Weight 

given 

Lifetime to site in 

(years) optimal 

estimation 
of lifetime 


Adrigole, Ireland and 
Cape Mcarcs, Oregon 

0.162 ± 0.016 

6.2 (+0.7, -0.6) 

0.26 

Ragged Point, 
Barbados 

0.156 ± 0.016 

6.4 (+0.7. -0.6) 

0.26 

Point Matatula, 
Samoa 

0.138 ±0.017 

7.2 (+1.1, -0.7) 

0.22 

Cape Grim, 
Tasmania 

0.131 ± 0.016 

7.6 (+1.1, -0.8) 

0.26 

All sites from trend 

0.145 ± 0.008 

6.9 (+0.4, -0.4) 


All sites from trend 
(with emission trend 
uncertainty included) 

0.145 ± 0.021 

6.9 (+1.2, -0.9) 


Global atmospheric content 
(with emission uncertainty 
included) 

0.167 ±0.025 

6.0 (+1.1, -0.8) 


Latitudinal gradient 

0 167 ± 0.031 

6.0 (+1.4, -1.0) 



Table 5. Optimally determined tropospheric OH concentrations (units are 10' radicals per cubic 
centimeter and uncertainties arc la). Global average tropospheric OH concentration is 
(7.7 ± 1.4) x 10" radicals per cubic centimeter. 


Pressure 


OH concentration 


(mbar) 

90” to 30”N 

30”N to 0“ 

0" to 30”S 

30“ to 90°S 

200 to 500 
500 to 1000 

4.8 ± 0.9 

4.9 ± 0.9 

9.9 ± 1.8 
10.4 ± 1.9 

10.4 ± 1.9 
9.8 ± 1.8 

6.0 ± 1.1 
5.4 ± 1.0 


Case 


Reciprocal 

lifetime 

(year -1 ) 


of the spatial pattern in the theoretical OH 
concentration [OH]” we can also compute 
die average OH concentration in each box 
(which equals a4[OH]/) (Table 5). 

The sensitivity of these results to the 
assumed theoretical spatial distribution of 
OH may be evaluated by repeating the 
calculations with a troposphcrically uniform 
distribution of OH (that is, OH is reduced 
in the tropics and increased in higher lati- 
tudes relative to the theoretical values). A 
comparison of the two-dimensional model 
results for nonuniform and uniform distri- 
butions shows a decrease in the model 
Northern Hemisphere mid-latitude meth- 
ylchloroform concentrations by 2.3% be- 
cause of the substantially increased OH lev- 
els there. The increase in the model tropical 
lower troposphere is less (only 0.4%) be- 
cause of the reduction in die OH concentra- 
tions there. There is thus a small overall 
decrease in globally averaged model meth- 
ylchloroform concentrations of 1.4% for the 
case of uniform OH concentrations. The 
sensitivity of the globally averaged lifetime 
estimates to the distribution of OH within 
the troposphere is negligible (a decrease in 


the estimated lifetime t of only 0.1 year is 
obtained with uniform OH) except for die 
lifetime that would be inferred from the 
latitudinal distribution of methylchloro- 
form, which would decrease by approxi- 
mately 0.3 year). 

Methane is observed to be increasing 
throughout the world and its global tropo- 
spheric distribution has been measured ( 22 ). 
The major tropospheric sink for methane is 
reaction with the hydroxyl radical with a 
rate constant similar to that for mcthylchlor- 
oform ( 23 ). Therefore, the average hydroxyl 
radical concentrations deduced from meth- 
ylchloroform (Table 5) have been used to- 
gether with observed atmospheric tempera- 
tures and the global distribution and rate 
data, for methane ( 22 , 23 ) to calculate an 
average tropospheric lifetime for methane of 
9.6 (+2.2, —1.5) years (lcr). The uncertain- 
ty in this lifetime does not include uncertain- 
ty in the rate constants. 
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Global trends and annual releases of CCI 3 F and CC1 2 F 2 
estimated from ALE/GAGE and other measurements 
from July 1978 to June 1991 

D. M. Cunnold , 1 P. J. Fraser , 2 R. F. Weiss , 3 R. G. Prinn , 4 P. G. Simmonds , 5 
B. R. Miller , 3 F. N. Alyea , 1 and A. J. Crawford 6 


Abstract. Thirteen years of Atmospheric Lifetime Experiment/Global Atmospheric 
Gases Experiment CC1 3 F and CCI 2 F 2 measurements at five remote, surface, globally 
distributed sites are analyzed. Comparisons are made against shipboard measurements 
by the Scripps Institution of Oceanography group and archived air samples collected at 
Cape Grim, Tasmania, since 1978. CC1 3 F in the lower troposphere was increasing at an 
average rate of 9.2 ppt/yr over the period July 1978 to June 1988. CC1 2 F 2 was 
increasing at an average 17.3 ppt/yr in the lower troposphere over the same period. 
However, between July 1988 and June 1991 the increases of CCI 3 F and CCI 2 F 2 in this 
region have averaged just 7.0 ppt/yr and 15.7 ppt/yr, respectively. The rate of increase 
has been decreasing 2.4 ppt/yr 4 and 2.9 ppt/yr 4 over this 3-year period. Based on a 
recent scenario of the global releases of these compounds and using the new calibration 
scale SIO 1993, the equilibrium lifetimes are estimated to be 44l/o and 180^ff° years 
for CCI 3 F and CC1 2 F 2 , respectively. Using these lifetime estimates and a two- 
dimensional model, it is estimated that global releases of these two chlorofluorocarbons 
in 1990 were 249 ± 28 x 10 6 kg for CC1 3 F and 366 ± 30 x 10 6 kg for CCI 2 F 2 . It is 
also estimated that combined releases of these chlorofluorocarbons in 1990 were 21 ± 
5% less than those in 1986. 


1. Introduction 

Observed changes in atmospheric ozone, in particular in 
the Antarctic stratosphere, have been established to be 
primarily the result of the long-term accumulation of chlo- 
rofluorocarbons (CFCs) in the atmosphere [ Solomon , 1990; 
Anderson et al., 1991]. As a result, a worldwide effort was 
made to limit the production of chlorofluorocarbons [United 
Nations Environmental Programme (UNEP), 1987; World 
Meteorological Organization (WMO), 1988]. By this agree- 
ment, participating nations were required to limit their 
consumption (defined as production plus imports minus 
exports) in 1989 to 1986 levels. Moreover, by 1994, emis- 
sions are to be reduced to 80% of 1986 levels [Albritton, 
1989]. This paper discusses 13 years of gas chromatographic 
observations of the chlorofluorocarbons CC1 3 F (CFC-1 1) 
and CCljFj (CFC42) at Ragged Point, Barbados (13®N, 
59°W), and Cape Grim, Tasmania (41®S, 145®E), for the 
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period July 1978 to June 1991. The data set also includes 
observations at Cape Matatula, American Samoa (14°S, 
171°W), at Cape Meares, Oregon (45°N, 124°W), for the 
period December 1979 to June 1989, at Adrigole, Ireland 
(52*74, 10°W), from JiilyT978 to December 1983, and at Mace 
Head, Ireland (53*N, 10°W), from February 1987 to June 
1991. " . 

As a result of small changes in absolute calibration based 
on changing to the Scripps Institution of Oceanography (SIO 
1993 scale) standards aridnew estimates of worldwide re- 
leases [Alternative' Fluorocarbons Environmental Accept- 
ability Study (AFEAS), 1992] which are supported by a 
compilation .for 1986 by UNEP 11990], the atmospheric 
lifetimes of CCI 3 F and CCi 2 F 2 have been recalculated [cf. 
Cunnold el al., 1986]. Annual releases derived from the 
measurements are then compared against the new worldwide 
production and release ’estim^s.The atmospheric lifetimes 
of these gases are critical parameters for, estimating bow iong 
the chlorofluorocarbon^ remain in the atmosphere after the 
emissions cease, llie^^ual, release estimates are important 
for assessing worldwide conformity to the Montreal Proto- j 

cob. ..... • ...xK'S T-vj;. 'sr.-.i-V ; . ; . . . . . 

There is strong eyidencethat a small (<2%) shift in 
Atmospheric,, Lifetime, Experiment (ALEVGlobal Atmo- 
spheric Gases Experiment .(GAGE) secondary calibration 
occurred during . thejanalysis period... Moreover, . because 
there has been a factor,,of approximately.^. increase in the 
atmospheric concentrations, of the chlorofluorocarbons over 
this period, nonlinearities. in instrumental response can have 
important effects on long-term trends.'The principal concern 
in this regard is possible nonlinearity in the response of the 
Oregon Graduate Institute (OGI) instrument used to assign 


1107 


1108 


CUNNOLD ET AL.: ALE/GAGE CCI 3 F AND CC1 2 F 2 MEASUREMENTS, JULY 1978-JUNE 1991 


values to the calibration tanks. Based on a limited set of 
measurements of the nonlinearity of the HP5880A instru- 
ments, some corrections to the values assigned to the 
calibration tanks used at the ALE/GAGE sites were made by 
the OGI team. However, the resulting long-term data set 
contained some inconsistencies. An incremental adjustment 
in calibration in 1987 has been made to both the CCljF and 
the CC1 2 F 2 time series. These adjustments are discussed and 
it is shown that the data set presented here is consistent with 
two sets of independent measurements. 

2. Absolute Calibration for CCI 3 F and CC1 2 F 2 

The Advanced Global Atmospheric Gases Experiment 
(AGAGEj team is presently engaged in the development of 
new primary calibration scales for all its measurements by 
extending the “bootstrap” technique used previously at the 
SIO to calibrate measurements of N 2 0, CCljF, and CCl 2 F 2 . 
This method uses accurately known mixtures of atmospheric 
trace gases at roughly their ambient molecular ratios to 
extend the calibration scales to successively lower concen- 
trations and emphasizes the use of large volumes of gas to 
minimize measurement and handling errors. The N 2 0 cali- 
bration scale [We/jj et al., 1981] is based on the preparation 
of accurate mixtures of N 2 0 in C0 2 at ambient ratios of 
about 9 x 10 ~ A and on accurate measurement of C0 2 at 
ambient levels [Keeling et al., 1976]. Thus C0 2 is the 
bootstrap gas for N 2 0. In turn, the CCljF and CC1 2 F 2 
calibrations [Bullister, 1984; Bullister and Weiss, 1988] are 
based on accurate mixtures of CFCs in N 2 0 at their ambient 
ratios, diluted in CFC- and N 2 0-free “zero air" to near- 
ambient N 2 0 levels and calibrated by measuring the result- 
ing N 2 0 concentrations. Thus N 2 0 is the bootstrap gas for 
the CFCs. In this way standards in the 10 -11 concentration 
range can be prepared from mixtures with minor/major 
component ratios greater than 10 Because the errors in 
the determination of C0 2 are much less than for N 2 0 and the 
errors in the determination of N 2 0 are much less than for the 
CFCs, the calibration results are not significantly penalized 
by the additional steps used in this method. 

Measurements of CCI 3 F and CCl 2 F 2 by -the SIO group 
have been reported on the SIO 1984 [Weirs et al., 1985] and 
SIO 1986 [Bullister and Weiss, 1988] calibration scales. 
These scales are based on CFC/N 2 0 mixtures prepared 
volumetrically (using the virial equation of state for nonide- 
ality corrections) and diluted to near-ambient concentration 
levels by introducing aliquots of these mixtures into si- 
lanized aluminum high-pressure cylinders using an all-metal 
high vacuum system. 

At the beginning of AGAGE an effort was made to use the 
same apparatus to prepare ambient-level standards for the 
less volatile CQ 2 FCCIF 2 (CFC-1 13), but the results showed 
unacceptably poor precision (order 5%) which we have since 
demonstrated to be due to the adsorption of small amounts 
of this compound (order 10 -J cm 3 STP) onto the walls of the 
high vacuum system during the introduction of aliquots of 
the CFC/N 2 0 mixtures. To solve this problem, we con- 
structed, a separate system to introduce aliquots of the 
CFC/N 2 0 mixtures directly into the primary standard cylin- 
ders using a high-pressure gas chromatography sampling 
valve which reduces the surface area exposed to the injected 
aliquots by about 2 orders of magnitude, has no unflushed 
“dead volumes," and is never exposed to pure CFCs. Using 


this system, we are able to obtain highly reproducible results 
for all the AGAGE halocarbons, including the three least 
volatile compounds CC1 2 FCC1F 2 , CH 3 CCI 3 (methyl chloro- 
form), and CG 4 (carbon tetrachloride). . 

The least volatile AGAGE halocarbons are also hot suit- 
able for gas phase volumetric calibration because their vapor 
pressures are low and their nonidealities have not been 
determined with sufficient accuracy. We have therefore 
developed a gravimetric method for preparing halocarbon/ 
N 2 0 mixtures, in which roughly 10 -2 to 10 _1 g quantities of 
the pure halocarbon components are weighed in sealed glass 
microcapillary tubes f and roughly 10 g quantities of the 
diluent N 2 0 are determined by weighing the prepared mix- 
tures in 0,8-Lstainjess steelcanisters.The AGAGE primary 
standards are then prepared in 35-L electroplished stainless 
steel high-pressure cylinders, to which 10 torr of water vapor 
are added to inhibit the degradation of CC1 4 and CH 3 CCI 3 
which we and others [cf. Yokohata et al., 1985] have 
observed in dry containers. For CCI 3 F and CC1 2 F 2 we have 
observed no measurable drifts in SIO primary or secondary 
standards stored in either silanized aluminum or electropol- 
ished stainless steel cylinder?. .... -.. 

The AGAGE primary calibrations are still in progress, and 
the details of these techniques and their results will be 
discussed in a separate publication. However, we are suffi- 
ciently confident that our progress to date constitutes a 
significant improvement over our previous methods to re- 
lease a new SIO 1993 calibration scale for CCI 3 F and 
CC1 2 F 2 . The atmospheric CCl 3 F and CCl 2 F 2 results in this 
paper are therefore reported on the SIO 1993 calibration 
scale. The units are dry air mole fractions. 

The SIO 1993 scale for CCI 3 F and CC1 2 F 2 is based on 
seven independent primary standards prepared using gravi- 
metric CFC/N 2 0 mixtures. The gases used in these stan- 
dards had quoted purities of 99.9% for CC1 3 F, 99.97% for 
CC1 2 F 2 (both Aldrich Chemical), and 99.99% for N 2 0 
(Matheson). The diluent zero air (Air Products) was further 
purified of all detectable traces of these CFCs and N 2 0 using 
a molecular Sieve 13X trap at, — 78°C. Chromatographic 
comparisons among these standards showed precisions of 
standard preparation (expressed as relative standard devia- 
tion (rsd)) of 0.20% for CCI 3 F and 0.14% for CC1 2 F 2 . 
Comparisons between standards prepared using gravimetric 
CFC/N 2 0 mixtures and standards prepared using volumetric 
CFC/N 2 0 mixtures showed no significant differences, but 
the SIO 1993 scale is based only on the gravimetric values 
because this method gives higher precisions. 

The SIO 1993 scale has been compared to the SIO 1986 
and SIO 1984 scales for these compounds by the direct 
chromatographic comparison of primary standards. Values 
reported on the SIO 1986 scale may be converted to the SIO 
1993 scale (see Table 1) by dividing by 1.0251 for CC1 3 F and 
0.9874 for CC1 2 F 2 . To convert from the SIO 1984 scale to the 
SIO 1993 scale, divide by 1.021 for CC1 3 F and 0.984 for 
CC1 2 F 2 . 

We expected better agreement between the SIO 1993 and 
the SIO 1986 calibration scales. For both CCI 3 F and CC1 2 F 2 
these shifts are somewhat greater than our combined esti- 
mates of systematic uncertainties (see Table 1). We have 
invested considerable effort to understand these discrepan- 
cies. For CCI 3 F, comparisons between new standards pre- 
pared with the same canister of Linde pure CCI 3 F used for 
the earlier SIO standards and those prepared with the new 
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Table 1. Comparisons of Oregon Graduate Institute (OGI) and Scripps Institution of Oceanography (SIO) 
Calibration Standards for CC1 3 F and CCL 2 F 2 






CCI3F 



CCL 2 F 

2 


Standard 

Reference 

Systematic Ratio of 
Uncertainty Standard 
Basis of of to SIO 

Comparison Standard 1993 

Systematic Ratio of 
StandardLJncertainty Standard 
Error of of to SIO 

Comparison Standard 1993 

Standard 
Error of 
Comparison 

ALE/GAGE 
Publications 
Using This 
Standard As 
Reference 

SIO 1993 

In preparation, 
1993 

Bullister and 
Weiss [1988] 

’i 

... 

0.008 

1.000 

... 

0.005 

1.000 

• • • 

this paper 

SIO 1986 

direct primary 
standard 
comparisons 
(1993) 

0.013 

1.0251 

0.001 

0.005 

0.9874 

0.001 

Cunnold 
[1992], but 
see section 3 

OGI 1987* this paper, no 
Standard 
made; see 
text 

five GAGE 
calibration 
gases S-001, 
S-003, G- 
006, G-008, 
and G-013 
(1991-1992) 

0.02 

1.036 

0.003 

0.02 

0.977 

0.004 

not used; see 
text 

OGI 1980 

Rasmussen 

and 

Lovelock 

[1983] 

three OGI 
calibration 
gases (1984) 

0.02 

1.055 

0.004 

0.02 

0.962 

0.005 

Cunnold et al. 
[1983a, b, 
1986] 


Measurements were performed at SIO and are reported as the mean ratios to the SIO 1993 calibration scale values (see 
text). Comparisons between OGI and SIO scales were carried out with three OGI calibration standards in 1984 (Weiss et al. 
[1985], the values reported here differ slightly from those published in 1985 because of improved data fitting procedures and 
use of the SIO 1993 scale)and with five Global Atmospheric Gases Experiment (GAGE) calibration standards in 1991-1992 
(see text). ALE, Atmospheric Lifetime Experiment. 

•The OGI 1987 scale refers to the measurements after August 1987 prior to the adjustments discussed in section 4. 

< := ■ 


Aldrich pure CGI 3 F show that the Linde-based standards are concentration. Typical calibration curves are shown by 
systematically 0.8% lower in CCI 3 F concentration. This Bullister and Weiss [1988]. 1 "< 

difference is well outside the 0.2% precision of the standard The relationships between CCI 3 F and CC1 2 F 2 calibration 
preparations arid strongly Suggests that the Linde CC1 3 F is gases used in the ALE/GAGE program and the SIO 1993 
contaminated biplow its quofed purity of 99.9%. We attribute calibration scale are summarized in Table 1. The original 
the remaining CC1 3 F discrepancy of about 1.7% to the ALE calibration paper [Rasmussen and Lovelock, 1983] 
adsorption of CC1 3 F in the high vacuum system, as was describes an ALE working standard (based on earlier cali- 
found for CC1 2 FCC1F 2 . CCI 3 F is more volatile than bration work at OGI) arid an absolute calibration scale 
CC1 2 FCC1F 2 arid less volatile than CC1 2 F 2 , and the preci- (based on exponential dilution and coulometry) which we 
sion obtained for CCI 3 F in the older calibrations (1.9% rsd) shall refer to as the . OGI 1980 scale. To obtain OGI 1980 
is significantly poorer than for CC1 2 F 2 (0.7% rsd), so the sign values, ALE working Standard values are multiplied by 0.96 
and magnitude of this discrepancy and the improvements in for CCI 3 F and by 0.95 for CC1 2 F 2 . ALE/GAGE databases 
precision are aU consistent with this explanation. While have traditionally been 'maintained on the ALE working 
there are several possible explanations for the smaller and standard scale, while previous • ALE/GAGE CCI 3 F and 
opposite-sign discrepancy fn the CC1 2 F 2 calibration, we CCI 2 F 2 papers [Cunnold et al., 1983a, i,1986] have been 
have not yet identified its cause. In view of the marked based on the OGI 1980 scale. Table 1 also shows the results 
improvements i^ 'our primary calibration 'procedures, we of a comparison ofCCljF and CC1 2 F 2 in subsamples of three 
estimate the sysjtematic uncertainties of the SIO 1993 scale OGI primary standards measured at SIO in 1991-1992. It is 
as 0.8% for CQ 3 *F and 0.5% for CC1 2 F 2 . evident that between >1984- and 1991 the calibration stan- 

All of the SIO chromatographic standard comparisons and dards, against Which the ALE/GAGE measurements have 
SIO atmospheriCjCC^F and CQ 2 F 2 measurements reported been 'referericedi have^shifted downward by about 1 . 8 % in 
here have been iporrected for instrumental nonlinearities as CC1 3 F and upward by about 1.6% in CCl 2 F 2 . We shall refer 
!•' determined at the time of the measurements [Bullister and to the post-1987 -data’ as shaving been measured Job' the OGI 
Wefrj,T988].W^'have also confirmed the accuracy of these 1987 scale. These shifts have 'been removed from the ALE/ 
& corrections by injecting and trapping fixed-volume aliquots GAGE data reported in this paper (the procedure used to 
H of standard gas'Jtt variable pressure, as determined by a remove them is described in section 4). * -Vj 

.% high-precisiori Faroscientific quartz pressure gauge.- CCI 3 F '• -The SIO 1993 scale is approximately equal to the Univer- 
'g. sensitivity tends.to increase with increasing concentration, sity of Tokyo scale for GC^F [cf. Fraser et al. ,' 1993] but 
while CC1 2 F 2 sensitivity tends to decrease with increasing gives approximately 1% 'larger concentrations of CCI 2 F 2 . ' 
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3. Atmospheric Lifetime Experiment (ALE)/ 
Global Atmospheric Gases Experiment (GAGE) 
Data From July 1983 to June 1991 

The first five years (1978-1983) of CCljF and CCI 2 F 2 
measurements have been discussed by Cunnold et al. 
[1983a, b, 1986]. Over the next several years the aging of 
the gas chromatographs necessitated a change in instrumen- 
tation with the Hewlett Packard HP5840A instruments being 
replaced by HP5880As. The date of this change varied from 
site to site, but in each case, a minimum of 3 months of 
simultaneous measurements with both instruments was col- 
lected to ensure a smooth transition. This transition from the 
ALE program to the GAGE program included a change from 
four to twelve atmospheric samples analyzed per day. CC1 3 F 
measurements continued to be made on both the silicone (S) 
and the Porasil (P) columns of each instrument and the 
CCI 2 F 2 measurements were obtained, as before, on the 
Porasil channel. 

The only extended period of missing GAGE data occurred 
at Cape Grim and was the result of a faulty Nafion drier 
which allowed water containing local contamination to enter 
the instrument from February 19 to May 4, 1987. The 
affected data have been removed from the data set. As in 
previous analyses, data which have been influenced by local 
pollution and identified by simultaneous increases of several 
gases, particularly CC1 3 F, CCI 2 F 2 , and CH 3 CCI 3 , have been 
filtered out of the data set prior to analysis. This filter was 
responsible for removing approximately one third of the data 
collected at Adrigole and Mace Head and occasional periods 
at the other sites. 

Because of a lack of availability of new calibration gases 
between 1985 and 1987 (calibration tanks have since been 
obtained from a new supplier) a number of old calibration 
tanks were recycled to the field sites without being refilled. 
As a result, and because of the steady increase in ambient 
concentrations, around 1987 there were a number of periods 
of observation during which substantial concentration differ- 
ences existed between the calibration tank and the ambient 
air samples. During these periods, systematic differences 
; between Ca 3 F-derived air concentrations on the two col- 

umns were obtained, with the differences (up to 15 ppt) being 
found to be approximately proportional to the ambient/ 
calibration tank concentration differences between the cali- 
bration gases and the ambient air. Different sensitivities to 
these differences were noted at each observing site. This 
:problem was identified as a nonlinearity in the response of 
ithe electron capture detectors (ECD) of the HP5880A to 
idifferent CC 1 3 F concentrations. 

rrmoo nonIinearit y , was approximately evaluated for the 
r“”80A at each site by measurements using eight flasks 
* ***** a factor between 2 and 3 in the dilutions of 
CCljF.and other GAGE gases. Under the assumption that 
dho nonlinearity In instrument response (R) is expressed in 
.the form/? « ax . where* is the concentration of the gas 
sampler values jof « (and a) were determined. It was found 
that the HP5880AS were quite nonlinear in their responses to 
CCi 3 F variations, with the degree of nonlinearity varying 
from one instrument/ECD to another. The measured values 
of e were found to be consistent with the GAGE ambient 
CCI 3 F measurement differences on the silicone (5) and 
Porasil (P) columns at each site. For the other GAGE gases 
the e values were small (^0.05) and for CCI 2 F 2 , in particu- 



lar, the average e for all the instruments equaled 0.03 ± 0.02 
(where the error bar is the standard deviation of e differences 
between the sites). 

Die systematic differences between the CC1 3 F S and P 
column measurements on each instrument and during each 
calibration tank usage period have been removed in the 
reported GAGE data by the following procedure: at sites 
where one column was measured to be substantially more 
linear than the other, an adjustment factor, which was 
constant over each calibration tank usage period, was ap- 
plied to the measurements on the more nonlinear column. 
This factor was equal to the mean ratio of the CC1 3 F 
measurements on the two columns over the individual pe- 
riod. This procedure was used at Cape Grim (where efor the 
S and P columns had measured values of —0.19 and 0.02, 
respectively) and Ragged Point (for which the e values were 
uncertain but were clearly larger on the Porasil column). At 
Cape Meares and Cape Matatula the measured e for the two 
columns were slightly larger than 0.1 but, fortuitously, were 
approximately equal and of opposite sign. Equal and oppo- 
site adjustment factors over individual calibration tank peri- 
ods were applied with each factor being equal to one-half the 
mean ratio between the two column measurements over the 
period. At Mace Head the CCI 3 F responses were found to be 
approximately linear and no adjustments were made to the 
data. Because of these adjustments the two columns of 
GAGE CCI 3 F measurements are less independent than they 
were during the ALE measurements. 

Following these adjustments, the average nonlinearity in 
the GAGE measurements of CC1 3 F is e = 0.01 ± 0.03. No 
adjustments for this residual nonlinearity or the small non- 
linearity in the CC1 2 F 2 have been made in the ALE/GAGE 
data. Since the identification of nonlinearity effects in 1988, 
efforts have been made to ensure that the contents of 
calibration tanks are within 10 % of the mean local ambient 
air concentrations during the measurement period at each 
site. 

Possible nonlinearity in the OGI instrument used to assign 
the values to the calibration tank contents is particularly 
critical for assessing long-term trends. This instrument was 
included in the nonlinearity tests made in 1988 and yielded e 
= -0.03 for the s column for CC1 3 F and e — 0.02 for CCI 2 F 2 . 
Because these e values are small and the estimates are only 
approximate, the possible uncorrected nonlinearity effects 
inherent in the reported ALE/GAGE measurements is con- 
sidered to be the average of those for all the instruments, 
i.e., e = 0.01 ± 0.03 for CCI 3 F and e = 0.03 ± 0.02 for 
CCI 2 F 2 (all uncertainties given in this paper are ±lo). 

4. Long-Term Trend Uncertainties 

The success of any long-term measurement depends upon 
the investigators’ ability to consistently reference the mea- 
surements against calibrated standards. As has already been 
indicated, based on' Table 1 , a change or shift in the 
secondary (or tertiary) standards occurred sometime be- 
tween 1984 and 1991. A number of calibration tanks used in 
the field were reused several times between 1978 and 1987 
without being refilled. Before each reuse, the concentrations 
of CCljF and CCI 2 F 2 in each tank were reassigned at OGI 
based upon comparisons against the secondary and tertiary 
standards. The history of these assigned concentrations 
provides a test of the consistency of the calibration proce- 
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Figure I. The ratios of different Oregon Graduate Institute 
measurements of the same air samples to the first measure- 
ments over the period 1978-1987. Succeeding measurements 
of the air in the same Atmospheric Lifetime Experiment/ 
Global Atmospheric Gases Experiment (ALE/GAGE) cali- 
bration tanks have been joined by straight lines. (Top) CCl 3 F 
and (bottom) CCi 2 F 2 . 

dure between 1978 and 1987. Figure 1 shows temporal 
variations in the assigned concentrations divided by the 
concentration assigned at the time Of the first measurement 
for a number of gases. While small drifts (:£l%) may have 
occurred before 1987, larger upward drifts are seen in 1987 
and obvious problems (not shown) are evident in the OGI 
GAGE calibration records after this time. 

The problem Of drifting secondary and/or tertiary stan- 
dards was recognized by the GAGE team in 1987 and 1988. 
the available calibration records prior to 1989 have been 
analyzed and One of us (A.J.C.) undertook an investigation 
of the CCI 3 F- and CCl^-assigned values and the standards 
against which they were referenced. Corrected concentra- 
tions were obtained and A. J.C. assumed responsibility for 
providing gas concentrations for the tanks used in . 1988 and 
1989. Despite the, efforts made, it appears that these gas 
concentrations were not on the same calibration scale. This 
problem probably arose from changes in the working rela- 
tionship that existed between the GAGE team and OGI in 
1987-1989; and we are consequently less sure of the consis- 


tency of the calibration in this period than at other times. 
Since 1989, the OGI responsibility for providing calibration 
gases to the GAGE team has been taken over by CSIRO 
(P.J.F.) and the tanks have been filled at Cape Grim under 
“baseline" conditions, when the wind was from the south- 
western quadrant. Continuity of calibration since 1989 has 
been maintained by using three calibration gases, which 
were assigned values on the OGI 1987 scale, as reference 
standards. 

We interpret Table 1 as indicating that the OGI 1987 scale 
and the original Odl 1980 scale are different, with the OGI 
1987 scale being approximately 1.8% lower for CC1 3 F and 
1.6% higher for CC 12 F 2 - Based oh the secondary calibration 
history illustrated in Figure 1 and the available calibration 
records, prior to September 1, 1987, the ALE/GAGE CC1 3 F 
and CClzFj values reported here are based on the calibration 
gas concentrations assigned by OGI. However, after Sep- 
tember 1 , 1987, the OGI 1987 values multiplied by 1.018 for 
CCI 3 F and divided by 1.016 for CCI 2 F 2 are used. (Actually 
the final values assigned to the gases in a calibration tank are 
a mean of the values measured at OGI just prior and just 
after its use at a field site. For those tanks whose field stay 
included September 1, 1987, an average of the OGI 1980 and 
the OGI 1987 value has been used.) This procedure obvi- 
ously removes the discrepancy shown in Table 1. (The time 
series reported by Cunnold [1992] consist of the original 
CCI 2 F 2 series divided by 1.017 after September 1, 1987, and 
the CCI 3 F series without the 1.8% adjustment.) We shall 
tiOw show that these adjustments produce time series with- 
out any obvious discontinuities and which agree with avail- 
able independent measurements. 

Table 2 shows a comparison of the mean values of CC1 3 F 
and CQ 2 F 2 during the ALE to GAGE overlap periods when 
both the HP5840A and the HP5880A were being used. At 
Cape Grim, Tasmania, this period of common measurements 
lasted 42 months; the differences in mean, trend, and curva- 
ture are shown for this period (see equation (1)). At the other 
sites the overlap period is short and only the mean values are 
compared. The error bars are based on typical standard 
deviations when the 13-year time series are fitted by this type 
of model. The only difference which is significant at the 95% 
confidence level is in CCI 3 F at Cape Meares. Overall, 
however, the differences are consistent with the error bars, 
except |>erhap$ for the curvture terms. 

Figures 2 and 3 show the results of repeating the calcula- 
tions Used in generating Figure 1 but how using the adjusted 
data. Only calibration gases which were remeasured over an 
interval exceeding 3 years have been included in these 
figures. The bottom halves of each figure 'Show the means of 
the curves contained in the top parts of the figures. To allow 
for the possibility that drifts oyer the first few years have 
been masked by the different times of initial calibration, 
separate curves are also shoWn for thoSe gases which were 
first measured before Jiffy 4980 and those gases first mea- 
sured after this time. These Curves Suggests that the reported 
CCljFahd CCliFj’tlme series contain no drifts in calibration 
exceeding approximately 0.5% before .1987^ : ? ; ' . 

Unfortunately, 'there were ho tanks used prior to 1987 that 
were' reused afterl987.HoweVer, ; mrmy^cahbratibn gases 
were assigned cahbfatiohs toh'botk the OGI 1980 and the 
OGI 1987 scale's . Oiir supposition that there exists ah offset 
between the two OGI scales On September 1, 1987, may be 
tested by comparing the values assigned before and after this 
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Table 2. ALE (HP5840A) and GAGE (HP5880A) Overlap Periods and Mean 
Ratios (ALE/GAGE) of the Measured Concentrations during These Periods 




ALE/GAGE Means 

Site 

Period 

CCL 3 F 

CC1 2 F 2 

Adrigole/Mace Head 

9/87-1/88 

1.002 ± 0.007 

1.009 ± 0.009 

Cape Meares, Oregon 

9/83-7/84 

1.013 ± 0.005 

1.005 ± 0.006 

Ragged Point, Barbados 

8/85-4/86 

0.998 ± 0.005 

1.004 ± 0.006 

Cape Matatula, American Samba 

7/85-5/86 

0.995 ± 0.005 

0.997 ± O. 0 O 6 

Cape Grim, Tasmania . 

12/81-6/85 

1,001 ± 0.002 

0.998 ± 0.003 

Empirical Model Coefficients 




(See Equation (1)) for Cape 




Grim for December 1981 to 




' ; JunO 1985 

a h ppt 

b h ppt/yr 

d t , ppt/yr 2 

CC1 3 F(S) 




ALE 

185.9 ± 0.3 

8.6 ± 0.3 

-0.8 ± 0.7 

GAGE 

185.7 ± 0.3 

8.3 ± 0.3 

1.4 ± 0.7 

CCl 3 F(P) 




Ale 

185.7 ± 0.3 

8.5 ± 0.4 

0.0 ± 0.9 

GAGE 

185.7 ± 0.4 

8.3 ± 0.4 

1.4 ± 0.9 

cCi 2 f 2 



- 

ALE 

341.8 ± 0.9 

17.6 ± 0.9 

-0.8 ± 1.7 

GAGE 

342.4 ±0.9 

16.1 ± 0.9 

— L7 ± 1.7 


For Cape Grim, Tasmania, the empirical model (centered oh month 63) coefficients over 
the 3,5-year data period are also given. Since the ALE and GAGE measurements used 
different calibration tanks, the error bars are based on noise variances for the 13-year data 
set, which include the effect of tank changes. 


date to the same tank, i. 6 ., the tanks whose time in the field 
included September 1, 1987. This calculation indicates that 
after approximately September 1, 1987, the OGI 1987 scale 
was 2.5 ± 0.8% less than the OGI 1980 scale for CCI 3 F and 
0.4 ± 0.8% higher for CC1 2 F 2 . This result supports the 
adjustment made for CCI 3 F but suggests that a calibration 
drift for CC1 2 F 2 may actually have occurred over a longer 
time period. 

5. Comparisons Against Shipboard and 
Archived Air Samples at Cape Grim 

Since chlorofluorocarbons should be Well mixed in the 
southern hemisphere, particularly at the iatitude of Cape 
Grim, useful comparisons can be made against the multiyear 
data set of shipboard observations, in these comparisons, 
monthly means of the shipboard data obtained south of 30°S 
have been used. These measurements were made by ship- 
board gas chromatography with cryogenic preconcentration 
and nonlinearity collection [Bullister and Weiss, 1988]. They 
have been adjusted from the SIO 1986 calibration scale to the 
SIO 1993 scale using the Table i data. \ > r .. 

Since the beginning of the ALE/GAGE program, P J.F. 
has been archiving several ambient air samples pet year in 
stainless steel tanks. These. tanks are similar to those used 
for the calibration gases. Figures 1 and 2 provide good 
evidence that CQ 3 F and CC1 2 E 2 are' stable in these tanks 
over many years of use (because of the discontinuous and 
tank-to-tanic consistency of the Changes in 1987, the changes 
in 1987 have been interpreted as a problem with the calibra- 
tion standards and aS not being related to drifts in these 
calibration gas tanks). These tanks were filled at Cape Grim 


during baseline conditions. These tanks, which contain 
samples collected as far back as April 1978, have recently 
been analyzed using the HP5880A at Cape Grim. The 
calibration gases Used in these measurements were also 
cylinders filled at Cape Grim (G series gases). The assigned 
gas concentrations for the G series gases were obtained by 
measurements on the Cape Grim instrument against three 
calibration gases, R-363, R- 366, and R-382 whose concen- 
trations were assigned Values on the OGI 1987 scale in 1988, 
As already indicated, these three gases are being used as 
interim standards for the ongoing GAGE program. The 
archived air concentrations, after adjustment to the SIO 1993 
calibration scale based, bn the 1991-1992 ihtercomparisons 
shown in Talbe 1, are bow compared against the ALE/ 
GAGE data series at Cape Grim. 

5.1. CCI 3 F Intercomparison 

The archived air concentrations were measured in 1991 
and 1992 on the HP5880A at Cape Grim. Because the 
ambient air concentrations of CCljF and CC 1 2 F 2 in 1978 
were roughly half of what they were at the time of the 
measurements, it is necessary to correct the measurements 
for the nonlinearity in the response of this instrument. The 
measured nonlinearity for CC1 3 F oh this instrument was e 
equal to —0.19 for the S column and equal to 0.025 for the P 
column. To reassess the previous measurements oFThstfu- 
mental nonlinearity, fwo of the archived air samples col- 
lected in 1978 have been directly compared against the SIO 
1993 standard at SIO. To the extent that the assumed model 
describing the nonlinearity in response is valid (and the large 
e value for the S column makes this somewhat question- 
able), these two measurements provide an independent 
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estimate of e. These give e = -0.13 for the S column and e 
= 0.01 for the P column. The averages of the two indepen- 
dent estimates of e have been used in obtaining Figure 4. 

Figure 4 shows the comparison of the shipboard and the 
archived air measurements against the ALE/GAGE mea- 
surements at Cape Grim. The previously described adjust- 
ment procedure applied to the Cape Grim data results in the 
ALE/GAGE measurements prior to November 1986 being 
based on the OGI 1980 calibrated secondary and tertiary 
standards, whereas after May 1988 they are from the ad- 
justed OGI 1987 scale. The two calibration gases used 
between these dates were assigned values via the transition 
period procedure. Significantly, there are no large system- 
atic differences evident in Figure 4 before and after this 
transition period. The average ratio of the shipboard data, in 
particular, to the ALE/GAGE data prior to November 1986 
equals 1.008 ± 0.005 and is 1.000 ± 0.006 after May 1988 


CFC-12 
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.Figure 2. The ratios of different measurements of CCI 3 F in 
/the same air samples to the first measurement over, the 
period 1978-1987 after applying the adjustments described in 
this paper. (Top) Succeeding measurements of the air in the 
/same ALE/GAGE calibration tanks which have been joined 
by straight lines and (bottom) are polynomial fits to the 
Results in (top) consisting of a sixth-order, fit to all the data 
dsolid line) and fourth-order fits to the data for which the first 
[/measurement was before July 1980 (dashed line) and after 
[July 1980 (dotted line). 

•/ 



(where the error bars are standard deviations of the ratios). 
The slightly larger shipboard values in 1983-1986 might be 
related to a small downward drift in the relative calibration in 
this period suggestedby Figure 2: :> . <r • 

There is more variability in the comparisons against the 
archived air samples than against the shipboard measure- 
ments , but there is excellent agreement .in the long-term 
trends of all the time series.There is better agreement with 
the archived air measurements on the P column than on the 
S column probably, because iofu the smaller nonlinearity 
effects. Differences in the long-term trends between the S 
and theP column results and .the. ALE/GAGE measurements 
are equivalent to differences ;in -the nonlinearity responses 
of Ae = 0.02. This is consistent with the uncertainties in 
the measured nonlinearities. Ae ^ 0.02 corresponds to an 
uncertainty in the trend of approximately-0. 1 2 ,ppt/yr. The 
agreement between the long-term.GCljF trends in the P-coI- 
umn-archivedairmeasurements and the ALE/GAGE measure- 
ments also limits possible effects x>f residual nonlinearity in 
the ALE/GAGE measurements .0.e^i ! the nonUnearity in the 
OGI instrumental response) to' a similar value of Ae - 0.02 
(which is a similar number do that obtained earlier based on 
the average-measured nonlinearities in all the HP5880As). 
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Figure 4. ALE/GAGE monthly means for CC1 3 F at Cape 
Grim, Tasmania, compared against Scripps Institute of 
Oceanography (SIO) shipboard measurements south of 30°S 
and archived air values. The archived air measurements 
have been adjusted for nonlinearity using e = -0.16 for the 
S column and e = 0.02 for the P column. The dashed line is 
a second-order polynomial fit to the archived air measure- 
ments on the P column. 


5.2. CCIjFj Intercomparison 

Figure 5 shows the comparison of the shipboard and the 
archived air measurements against the ALE/GAGE CCI 2 F 2 
measurements at Cape Grim. For this species both the 
measured nonlinearity and the measurements of two ar- 
chived air samples at SIO suggest identical nonlinearity 
factors for the HP5880A at Cape Grim at e = 0.03. Even 
better agreement between the time series over the period 
1978 to 1990 is exhibited for CCI 2 F 2 than for CCljF. The 
average ratio of the shipboard data to the ALE/GAGE data 
prior to November 1986 is 1.002 ± 0.006 and is an identical 
factor of 1.002 ± 0.006 after May 1988. Again, the 1987 
transition from the OGI 1980 scale to the OGI 1987 scale 
appears not to have introduced any discontinuities. 

The agreement between the long-term trends measured by 
ALE/GAGE and from the archived air samples is outstanding. 
The uncertainty in the trend determined from the archived air 
measurements is approximately 0.2 ppt/yr. This is also equiv- 
alent to a change in nonlinearity of Ae = 0.02. Thus this 
suggests that unconnected nonlinearities in the global ALE/ 
GAGE CCI 2 F 2 data set (due to a nonlinearity in the OGI 
instrument’s response) do not exceed Ae = 0.02. This is a 
slightly stronger constraint than that based on the average 
nonlinearity in the HP5880As. 

Despite the excellent agreement between the adjusted 
ALE/GAGE measurements of CCI 3 F and CC1 2 F 2 presented 
here and the shipboard and archived data as well as the 
results presented in the previous section, there remain some 
uncertainties associated with the transition from the OGI 
1980 to the OGI 1987 secondary scales. Thi s is evident, fo r 
example, in the inconsistency noted for CCl 2 F 2 in the 
transitional calibration gases. Specifically, there may have 
been small drifts in the secondary and tertiary standards 
between 1987 and 1989 which have remained undetected. 
The possibility of annual drifts may be bounded by examin- 
ing year-to-year changes in the annual mean ratios of ar- 


chived air samples to the ALE/GAGE measurements 
Cape Grim. The year-to-year changes in the ratios are foui 
to be not significantly different from zero and to vary ov 
the period 1987-1989 in the same way as in the other yea 
(provided two anomalous archived air measurements a 
excluded). The standard deviations in consecutive ye; 
differences provide lo- upper limits to the typical year-t< 
year drifts of 0.6% for CC1 3 F and 0.4% for CCI 2 F 2 . 

6. Empirical Model Fits to the 13-Year Data Sc 
Plates 1 and 2 show the 13-year record of the ALE/GAG! 
monthly means for CCI 3 F and CCI 2 F 2 . The CC1 3 F measure 
ments on the S and P columns have been combined into 
single series using the means and the root-mean-square (rms 
standard deviations. During the overlap periods when mea 
surements were being made on both the HP5840A and th 
HP5880A instruments, the average of the two monthl; 
means is shown. The error bars during these periods includi 
both the variability during the month and the difference; 
between the monthly means obtained by the two instru 
ments. From these figures it may be noted that CC1 3 F anc 
CCI 2 F 2 both exhibited low concentrations at Samoa be 
tween November 1982 and April 1983. The simultaneous 
reduction in CH 3 CCI 3 concentrations, associated with the 
strong El Nino in that year, has been discussed by Prinn e\ 
al. [1992], A detailed examination of such effects in the 
CCI 3 F and CC1 2 F 2 records will appear in a future paper. The 
monthly means and standard deviations shown in these figures 
may be obtained by contacting the Carbon Dioxide Informa- 
tion Analysis Center at Oakridge National Laboratory. 

An empirical model consisting primarily of orthogonal 
functions and containing an annual cycle and a 29-month 
oscillation has been fitted to the monthly mean data at each 
site over the first 10 years. Specifically, 

Xi = a t + nbjPiit/n - 1) + d t P 2 (tln — 1) + c t cos (2 irt) 

+ s t sin (2 irt) + p, cos ( 2wt/t 0 ) + <?, sin ( 2 ir tlt 0 ) (1) 



Figure 5. ALE/GAGE monthly means for CC1 2 F 2 at Cape 
Grim, Tasmania. The measurements are compared against 4 
archived air values (adjusted for nonlinearity using e = 0.03) 1 
and the SIO shipboard measurements south of 30®S. The i 
dashed line is a second-order polynomial fit to the archived I 
air measurements. f 
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Plate 1. Monthly mean concentrations and standard deviations for CC1 3 F measurements at the ALE/ 
GAGE sites during 1978-1991. The S and P column measurements have been averaged. Units are dry air 
mole fractions in parts per trillion (ppt). 
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§' Plate 2. Monthly mean concentrations and standard deviations for CC1 2 F 2 measurements at the 

ALE/GAGE sites during 1978-1991. Units are dry air mole fractions in ppt. 
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Table 3. Mean Mixing Ratios (a,), Trends (b;), and Curvatures for CC1 3 F and CCI2F2 Determined From 
ALE/GAGE Observations for the Periods July 1, 1978, to June 30, 1988 (Using Equation (1)) and July 1, 
1988, to June 30, 1991 (Using Equation (1) but Excluding the QBO Terms) 

July 1978-June 1988 July 1988-June 1991 


Site 

a, ppt 

bf ppt/yr 3d i/25 ppt/yr 2 

at PPt 

bi ppt/yr 

AdJ 3 ppt/yr' 



cchF 






Adrigole/Mace Head, Ireland 

203.0 ± 0.2 

9.3 ± 0.1 

0.5 ± 0.1 

261.4 

± 0.2 

5.3 ± 0.2 

-2.6 ± 0.5 

Cape Meares, Oregon 

201.9 ± 0.3 

8.8 ± 0.1 

0.9 ± 0.1 





Ragged Point, Barbados 

196.7 ± 0.2 

9.4 ± 0.1 

0.3 ± 0.1 

256.5 

± 0.2 

6.9 ± 0.3 

-3.1 ± 0.8 

Cape Matatula, American Samoa 

187.0 ± 0.3 

9.2 ± 0.1 

0.2 ± 0.1 





Cape Grim, Tasmania 

184.3 ± 0.3 

9.0 ± 0.1 

0.1 ± 0.1 

244.9 

± 0.2 

7.8 ± 0.2 

7-1.9 ± 0.4 



CCL 2 F 2 






Adrigole/Mace Head, Ireland 

369.8 ± 0.4 

16.9 ± 0.1 

-0.1 ± 0.1 

483.0 

± 0.3 

13.6 ± 0.4 

—3.0 ± 0.8 

Cape Meares, Oregon 

368.0 ± 0.5 

16.7 ± 0.2 ;■ 

1.3 ± 0.2 





Ragged Point, Barbados 

359.8 ± 0.3 

17.6 ± 0.1 

0.4 ± 0.1 

475.6 

± 0.4 

15.5 ± 0.5 

-4.1 ± 1.2 

Cape Matatula, American Samoa 

344.8 ± 0.4 

17.3 ± 0.2 

0.2 ± 0.1 





Cape Grim, Tasmania 

339.2 ± 0.3 

17.4 ± 0.1 

0.1 ±0.1 

455.9 

± 0.4 

16.8 ± 0.4 

-2.3 ± 1.1 


Results are not given for Cape Meares and Cape Matatula for the second period because data for fewer than one half of 
the 36 months were obtained at these locations. The error bars do not include the uncertainties in the absolute calibration 
factor. 


where t is time (in years) measured from the beginning of the 
record (July 1, 1978), P t and/* 2 are Legendre polynomials of 
the order of 1 and 2, respectively, t 0 = 2.4 years is the 
assumed period of the quasi-biennial oscillation (QBO), and 
n is one half of the number of years being analyzed. The 
maximum likelihood estimates of a t , b h d h p,, q,, c h and 
s, obtained by weighting each xi inversely by its variance 
are given in Tables 3 and 4. Table 3 contains d ( values 
multiplied by the indicated factors; this allows the adjusted 
d t values to be interpreted as rates of change of the trend in 
ppt/yr 2 . 

For the last 3 of the 13 years of data, July 1988-June 1991 , 
a separate model consisting of just the a t , b t , and d t terms 
has been used. The coefficients in Table 3 are based on 
centering each analysis in its respective period. Separating 
the first 10 years from the last 3 years is justified by the 
different character of the ALE/GAGE data in these two 
periods. This split is fully supported both by industry esti- 
mates of the atmospheric releases of CFCs and by world- 
wide release estimates determined from the ALE/GAGE 
observations. These' estimates are discussed later in this 
paper. During the first 10 years, CC1 3 F and CC1 2 F 2 releases 
increased fairly slowly with time; this is reflected in the 
positive d( values which are associated with linear trends 
(£>/) which increase slowly with time. Beginning in 1988 the 
annual rate of increase in both CC1 3 F and CC1 2 F 2 became 
smaller and the negative d t values indicate that the rate of 
increase was decreasingly rapidly as the major producers of 
these compounds were constrained by the Montreal Proto- 
col. Note that the upward trend decreased first in the 
northernmost semihemisphere as is to be expected because 
of the primarily northern hemispheric source of these com- 
pounds. There appears to be an anomalously large value of 
di at Cape Meares for both compounds during the first 10 
years (note, however, that the measurements of CC1 3 F and 
CC1 2 F 2 at this site started in December 1979 and November 
1980, respectively). Two-dimensional model calculations 
(described below) of the combined data set suggest that this 


is associated with anomalously low concentrations at Cape 
Meares in 1984-1986. 

The trend in CC1 2 F 2 at Adrigole/Mace Head is smaller 
than at the sites in the other semihemispheres. This reflects 
higher Adrigole concentrations relative to the other sites 
during ALE than those observed at Mace Head during 
GAGE (this may be seen, for example, in Figure 7 which is 
discussed later). An analysis of pollution events at the Irish 
sites has shown a reduction in the CC1 2 F 2 /CC1 3 F ratio in 
such events from the anomalous factor of 0.95 (reported by 
Prather [1988]) to the expected ratio, based on projected 
European emission figures, of approximately 0.8 in 1987— 
1989. It is not likely that this result is related to the change in 
the location of the Irish site because of the remarkable 
similarity in the pollution events at the two sites which were 
observed during a period of simultaneous operation [Sim- 
monds and Derwent, 1990]. It suggests that European 
sources of CC1 2 F 2 have been decreasing relative to those in 
the rest of the world. Additional discussion of the Mace 
Head data is contained by Simmonds et al. [1993]. 

Table 4 shows the seasonal cycle and the 29-month 
oscillation determined using the entire 13-year data set (and 
based on adding P 3 and P 4 terms to equation (1) in order to 
more accurately simulate the recent trends). Consistent 
seasonal cycles (CC1 2 F 2 larger by a factor of approximately 
1.6) are evident at Cape Matatula and Cape Grim. The phase 
of the Cape Matatula cycle is in agreement with that in the 
two-dimensional model, but the seasonal cycle in the trans- 
port rates in the original model has had to be reduced by 60% 
to simulate the observed amplitude. A similar seasonal cycle 
to that observed at Cape Grim is then also calculated, with 
the phase being approximately 6 months different from that 
at Cape Matatula. The unexpectedly weak seasonal cycles 
observed at Ragged Point are not easily simulated by this or 
other models. 

The largest 29-month cycles are found at Cape Matatula. 
The presence of this oscillation in the CH3CCI3 record has 
been discussed by Prinn et al. [1992], and as already 
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Table 4. Seasonal Cycle and 29-Month Oscillation From 13 Years of CC1 3 F 
and CC1 2 F 2 
ALE/GAGE Data 


Site 



Pi 

<7, 

Adrigole/Mace Head, Ireland 
Cape Meares, Oregon 
Ragged Point, Barbados 
Cape Matatula, American Samoa 
Cape Grim, Tasmania 

CCl } F 
-0.4 ± 0.3 
-0.4 ± 0.2 
0.4 ± 0.2 
-0.8 ± 0.2 
0.3 ± 0.1 

0.5 ± 0.3 
0.6 ± 0.2 
0.4 ± 0.2 
-0.6 ± 0-2 
0.0 ± 0.1 

0.1 ± 0.3 
0.4 ± 0.3 
-0.1 ± 0.3 
0.2 ± 0.3 
0.4 ± 0.2 

0.3 ± 0.3 
-0.1 ± 0.3 
-0.4 ± 0.3 
0.8 ± 0.3 
-0.1 ± 0.2 

Adrigole/Mace Head, Ireland 
Cape Meares, Oregon 
Ragged Point, Barbados 
Cape Matatula, American Samoa 
Cape Grim, Tasmania 

CCljFi 
-0.9 ± 0.4 
-1.5 ± 0.4 
0.0 ± 0.2 
-1.2 ± 0.3 
0.8 ± 0.3 

1.3 ± 0.4 

1.4 ± 0.4 
1.1 ± 0.2 

-0.8 ± 0.3 
0.2 ± 0.3 

0.2 ± 0.5 
-0.5 ± 0.4 
-0.1 ± 0.3 
-0.8 ± 0.4 
0.6 ± 0.3 

0.5 ± 0.5 
0.4 ± 0.4 
-0.5 ± 0.3 
1.1 ± 0.4 
0.0 ± 0.3 


Here c t and s, t are the cosine and sine components in the annual cycle and p t and <7, are 
the similar terms in the 29-month oscillation. The zero of time is July I, 1978. The results 
are based on fitting the ALE/GAGE data with an expression similar to equation (I) but 
including P 3 ahd P 4 Legendre polynomials to better rcpreseht the curvature in recent 
years. 

indicated, a simultaneous response occurred in the CC1 3 F The Adrigole/Mace Head and Cape Meares data are com- 
and CCI2F2 records in association with the 1982-1983 El bined in a similar manner. During months when measure- 
Ninb. A more extended discussion of this oscillation and the ments were being made at only one of the sites, the time 
seasonal cycle will appear in a future paper series for the northernmost semihemisphere has been ob- 

In summary , the important results from "fables 3 and 4 are tained by adjusting the measurements by one half of the 
that steady increases of CCI3F of9.2 ppt/yr and of CCI2F2 of expected differences over the observation point based On a 
17.3 ppt/yr were observed in the troposphere oyer the period linear interpolation of the measured differences at other 
1978-1988. However, between mid-1988 and mid-1991 the times. 

increase of CCI3F was observed to average 7.0 ppt/yr To interpret the observations in terms of atmospheric 
(assuming a trend for Samoa equal to that observed at lifetimes ahd atmospheric releases , a two-dimensional model 
Tasmania). Moreover, the trend was observed to have been jj used to extend the data globally and, in particular, to 
decreasing at a rate of 2.4 ppt/yr 2 over this period. The provide estimates of the chlorofluorocarbon concentrations 
increase of CCI2F2 was observed to average 15.7 ppt/yr over £q the upper troposphere and the stratosphere. In a previ- 
the same period and this mend has apparently been decreas- ously described analysis of the GAGE nitrous oxide mea- 
ing at a rate of 2.9 ppt/yr . sure&ents[Prinnerd/.,19Sk)]; it was found that the surface 

• latitudinal gradient of N 2 0 in this model is sehsitive to the 

7. Two-Dimensional Model spatial distribution Of air mass exchange between the tropo- 

V !: '; sphere and the stratosphere. This sensitivity exists because 

The analysis reported here is primarily concerned with Q f the Strong N 2 0 vertical gradient between these two 
timescales of a year or more; therefore the analysis uses regions as compared to. its weak horizontal gradient in the 
monthly mean concentrations, together with their standard (upper) troposphere;, the horizontal gradient in the tTopo- 
errors, which .probably,. include observations of apprOXi- sphere is therefore .determined by where transport to the 
riiately 10 different (Independent) air masses per mdnth. stratosphere is occurring. In older to allow for a circulation 
During the transition from the HP5840As to the HP5880As, m troposphere ahd the stratosphere to represent 

the average pf the frfro monthly means is used in the analysis. ^ exchange, the stratosphere in the two-dimensional 
The standard error assigned to this monthly mean is given by m ^ ^tudinally subdivided into four equal 

■ (<r“* '4 ir ■"*)-“* (2) parts. The two-dimensionai model thus now contains 12 

.7 boxes (4 in the stratosphere ahd 8 in the troposphere), 

where Oi and are the standard errors for each instrii- ir For GCI3F andCCl 2 F2 (and CH ? CCl }i Cd 2 FCClF 2 and 
ment’s data- The sfafidaM crior of the monthly means is even CQ^) the northern hemisphere inputs are large enough 
typically npt a entity parameter in the optimal estimation to'coinpletely dominate the establishment pf the horizontal 
procedure becauselonger timescales, such as' are produced gradients in the ; troposphere. Thus the details of transport 
by calibratioh gks chafes, dominate (the error budget. The withln the Stratosphere (which for the calculations reported 
difference bertyeeh the 1 monthly means' does not appear, in here are; represented by diffusion with a time constant of 100 
equation (2) because'this is assumed to be due to calibration days) ahd the locations Where stratosphere/troposphere ex- 
gas and Other instriimental differences which are accounted change occhrs (this transpdrt was here represented solely by 
for a posteriori by adding a time-independent O 2 to aU the Iatitudinafiy Independent vertical diffusion) are irrelevant to 
monthly mean error variances [see Gunnold et al., 1986]. the Calculation of the concentrations of these gases in the 
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Table 5. Estimates of the World Releases of CC1 3 F Derived From Production 
Figures and ALE/GAGE Data (Based on Equilibrium Lifetimes of 44 and 42 
Years) 


Year 

Reporting 

Co., World Total, 

AFEAS 1 1992] Eisher [1992] 

Maximum 

Trend 

Minimum ALE/GAGE, ALE/GAGE, 
Trend r, = 44 r e = 42 

To 1979 

3769 

3835 

3754 

3916 

3746 

3763 

1979 

264 

276 

266 

286 

276 ± 21 

277 ± 21 

1980 

251 

264 

256 

272 

282 ± 22 

284 ± 22 

1981 

248 

. 264 

258 

270 

265 ± 20 

267 ± 20 

1982 

240 

257 

253 

261 

260 ± 22 

263 ± 22 

1983 

253 

273 

271 

275 

296 ± 23 

299 ± 23 

1984 

271 

295 

295 

295 

263 ± 25 

266 ± 25 

1985 

281 

308 

310 

306 

314 ± 28 

317 ± 28 

1986 

295 

32 1 

332 

322 

350 ± 28 

354 ± 28 

1987 

311 

345 

353 

337 

364 ± 31 

368 ± 31 

1988 

314 

350 

360 

340 

306 ± 31 

310 ± 31 

1989 

265 

305 

316 

294 

310 ± 33 

314 ± 33 

1990 

216 

255 

266 

244 

249 ± 28 

253 ± 28 

1991 

188 

223 

239 

215 




Units are 10 6 kg/yr. 


lower troposphere. The global mean rate of transport be- 
tween the troposphere and the stratosphere is, however, an 
important parameter and in these calculations this time 
constant (t,) is set equal to 3.5 years. This is smaller than the 
4.0 years used in previous calculations te.g., Cunnold et al., 
1986] and closer to that inferred from, three-dimensional 
model calculations by Golombek arid Prirtn [1986]. 

The value of t, is based on estimates of the stratospheric 
content of CCIjF and CC1 2 F 2 obtained from stratospheric 
measurements. Cunnold et al. [1983a, b] suggested that the 
measurements indicated a stratosphere/troposphere mixing 
ratio ratio of 0.58 ± 0.10 for CCIjF in 1980 and 0.67 ± 0.07 
for CC1 2 F 2 in 1978. If the CCIjF lifetime were 70 years, the 
model required a t, ■* 4 years to simulate this ratio. 
However, in the current paper a lifetime of roughly 50 years 
is inferred and there are now improved estimates of CC1 2 F 2 
emissions. The CCIjF observations then suggest at, «* 3.0 
± 1.5 years and the CCl 2 E 2 ' observations give t, ■» 3.5 ± 1 
years. A value of t, - 3.5 years is used for all the calcula- 
tions reported in this paper. 

Some modifications to the horizontal transport rates 
within the troposphere have been "made for these (and 
ongoing) calculations.’ Instead of the factor of 1.6 by which 
the horizontal diffusive transport rates in the work of Cun- 
nold et al. [1983aj were previously multiplied, we now use 
factors of 2.8, 2.1,' and 0.9 at northern hemisphere (NH) 
midlatitudes, the tropics. and southern hemisphere (SH) 
midlatitudes, respectively. . The objeaiye of these adjust- 
ments and of the previously mentioned 60% reduction in the 
seasonal cycle of diffusive transport was to improve the 
simulation of both the observed concentrations at *ach of the 
sites and the observed seisohal variations. Although the 
resulting transport rates may bear little relationship to real 
atmospheric transport rates on the semihemispheric scale, 
they provide a useful approximation for making global trend 
and inventory calculations arid ai reasonable model for 
interpreting the measurements of the other GAGE species at 
the same sites. Actually, such changes in transport rates 
within the troposphere have minimal effects on estimated 


lifetimes and emission rates. An experiment in which a 
tracer was injected in the NH of the model results in an 
interhemispheric gradient which decays by e~ x in 5.5 
months. This implies an interhemispheric exchange time by 
the Prather et al. [1987] definition of 11 months. 

8. CC1 3 F and CC1 2 F 2 Releases Estimates From 
Production Figures 

Tables 5 and 6 show estimates of the annual releases of 
CCIjF and CC1 2 F 2 derived by the AFEAS from production 
figures compiled from reporting company data. The industry 
believes [ Gamlen et al., 1986] the production figures have an 
accuracy of ±0.5% and that the cumulative release estimates 
for 1980 were accurate to within 2% (lo) for CC1 3 F (the 
closed cell foam release time being the dominant uncer- 
tainty) and better than 1% for CC1 2 F 2 (the nonhermetically 
sealed refrigeration release time being the most important 
uncertainty). These release figures, however, exclude pro- 
duction and release from the former USSR, Eastern Europe, 
and China and several smaller countries. Borisenkov and 
Kazekov [1977] reported that in 1975, USSR production 
amounted to 2.2% of world production for CC1 3 F and 7.6% 
of world production for CC1 2 F 2 . A similarly low proportion 
of CCI3F releases to CC1 2 F 2 releases in Eastern Europe and 
the USSR relative to the rest of the woild is reported in 
world estimates of production and release by Chemical 
Manufacturers Association ( CMA ) [1983]. Gamlen et al. 
[1986] estimate that production capability in the USSR in 
1982 could have been 75 x 10 6 kg/yr. Thus adding possible 
production from Eastern Europe (15% of USSR production) 
and China (1% of the world total), production and release of 
CC1 2 F 2 and CC1 3 F from nonreporting companies in 1982 
may have been 15% of the world total. This figure is 
approximately consistent with the differences between re- 
leases estimated from the first 5 years of ALE data [Cunnold 
et al., 1986] and reporting company releases. Moreover, this 
figure is only slightly smaller thaii the sum of the CCI 2 F 2 and 
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Table 6. Estimates of the World Releases of CC1 2 F 2 Derived From 
Production Figures and ALE/GAGE Data (Based on Equilibrium Lifetimes of 
180 and 110 Years) 


Year 

Reporting Co. 
AFEAS [1992] 

World Total, 
Fisher [1992] 

Maximum 

Trend 

Minimum ALE/GAGE, ALE/GAGE, 
Trend r t = 180 t c = 110 

To 1979 

5594 

5897 

5814 

5980 

5794 

5887 

1979 

338 

375 

361 

389 

420 ± 23 

432 ± 23 

1980 

332 

373 

361 

385 

400 ± 27 

414 ± 27 

1981 

341 

385 

376 

394 

358 ± 28 

372 ± 28 

1982 

337 

385 

379 

391 

388 ± 28 

404 ± 28 

1983 

343 

394 

391 

397 

396 ±27 

414 ± 27 

1984 

359 

414 

414 

414 

409 ± 27 

427 ± 27 

1985 

368 

426 

429 

423 

411 ± 28 

431 ± 28 

1986 

376 

437 

443 

431 

460 ± 27 

483 ± 27 

1987 

386 

450 

460 

440 

431 ± 35 

452 ± 35 

1988 

393 

459 

473 

445 

496 ± 41 

521 ± 41 

1989 

365 

437 

453 

421 

417 ± 43 

441 ± 43 

1990 

310 

386 

403 

369 

366 ± 30 

392 ± 30 

1991 

272 

345 

363 

327 




Units are 10 6 kg/yj-. 


CCljF figures for Eastern Europe and the USSR for 1982 
given by the CMA [1983]. 

As a result of the Montreal Protocol, special efforts have 
recently been made to compile world production levels of 
these gases. A compilation for 1986 has been made by UNEP 
[1990]; production figures for . Eastern Europe and the 
(former) USSR are reported as4JX 10 6 kg for CCl 3 F and 74 
x 10 6 kg for CCI 2 F 2 in 1986. This indicates that in 1986 
approximately 17% of world production occurred in this 
region. If it is assumed that releases in this region were in the 
same proportion to production as they were in the rest of the 
world, the inferred 1986 releases 'would be. 34 x 10 6 kg for 
CCI 3 F and 68 x 10 s kg for CG1 2 F 2 . The sum of these two 
numbers is almost identical to the combined release of 
CCI 3 F and CC1 2 F 2 estimated for this region by the CMA for 
1982 [CAM, 1983]. 

In addition to providing reporting company figures, 
AFEAS has provided estimates of nonreported worldwide 
production of the chlorofluorocarbons for 1989-1991 
[AFEAS, 1991, 1992] together with uncertainties in the 
estimates. The figures for nonreported production are ap- 
proximately 18 ± 2% of the wprld production of CC1 3 F and 
CC1 2 F 2 for 1989, 26 i : 2 % for.1990, apd 25 ± 3% for 1991. 

Based on information such as that described above, Fisher 
[1993] has provided estimates of the ^obal anpual releases pf 
CCI 3 F and CC1 2 B 2 . These estimates appear in column 3 of 
Tables 5 and 6 . Little is, however, known about the relative 
proportions of CCI 3 F and CC1 2 Fj fr orn the nonreporting 
companies since the AFEA1S estimate? are based op esti- 
mated production capacity (and the.same _plants are used to 
produce both gases). The UNEP figures for the consumption 
of CFC-113 in 1986 indicate that Eastern Europe arid the 
USSR were consuming CFC-1 13 in approximately the same 
ratio to CCI 3 F and CC1 2 F 2 as the rest of the world. This 
suggests that the 1 technological uses pf these' compounds 
there and in tte'i«tt'OT- &e.w5TOjBp ry ha vSIb&q similar In 
1986. Therefore jthe, assumption .that the^proportion of re- 
leases of CCI 3 F in (he early 1980s was significantly less in 
Eastern Europe and the USSR than in jjjie pest of the world 
may not be justified i 1 . . 1 . : .... 


To estimate the possible uncertainties in the calculated 
lifetimes, estimates of the uncertainties in the global release 
estimates are needed. Estimates for 1980 were provided by 
Gamlen et al. [1986]. They suggested that the cumulative 
global release figures for 1980 had an uncertainty of 2,1% 
(ltr) for CCI 3 F and 1.4% for CCI 2 F 2 . Iq the calculations 
reported here, it will be assumed that similar uncertainties 
apply to the cumulative 1978 .figures. Gamlen et al. also 
provide uncertainties for the ratio of the 19$0 emissions to 
the 1980 cumulative releases. These are 2.2% for CCI 3 F and 
2.8% for CC1 2 F 2 . Combining these figures with the uncer- 
tainties in cumulative release gives rtn$ uncertainties for the 
reported releases in 1980 of 3,0% for CCI 3 F and 3.1% for 
CC1 2 F 2 . These uncertainties are primarily due to uncertain- 
ties in the usage patterns of the chlorofluorocarbons. Be- 
cause of the significant proportion of nonreported produc- 
tion in recent years, the uncertainty associated with the 
nonreported production should be added to these release 
uncertainties. For the 1989-1991 period, AFEAS [1991 and 
1992] provide estimates of this uncertainty which averages 
3.1% (lo) of production for CC1 3 F and CCl 2 F 2 (interpreting 
the AFEAS figures as ±2cr). Combining the production and 
release uncertainties (the Tatter have been assumed to have 
remained constant throughout the 13-year analysis period), 
rms uncertainties of 4.4% for CCI 3 F and 4.5% for CCl 2 F 2 are 
obtained for 1990. Assuming that the nonreported produc- 
tion uncertainty Was small in 1979/1980, a linear fit was then 
made to (the negative of) the release uncertainty in 1979/1980 
and the rms uncertainty for 1990. This linear fit Was used to 
obtain a maximum trend in the releases based on the Fisher 
[1993] global releases. A similar procedure was used to 
obtain a minimum trend releato scenario. These are given to 
columns 4 and 5 in Tables 5 and 6 . To interpret the trend 
lifetimes, it is useful to note that these scenarios result in 
changes in toe ratios of the annual release to the cumulative 
release in toe middle of the analysis period of ± 2 , 0 % for 
CCI 3 F and 1.9% for CC^F 2 ./ V .;^., ‘ 

It is important to know the .latitudinal distribution of the 
releases because the simulations of the observed latitudinal 
distributions of CCI 3 F and CC1 2 F 2 are regarded as an 
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Table 7. Proportions of CCI3F Release (Percent) in Each Semihemisphere Calculated by D. Hartley 
(Private Communication, 1992) 


Semihemisphere 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1986 

1989 

1989 

30°-90°N 

86.2 

85.5 

84.5 

84.3 

84.1 

84.4 


82.5 

82.6 

81.9 

0°-30°N 

7.3 

7.8 

8.4 

8.6 

8.9 

8.8 

9.5 

9.8 

9.4 

JO.O 

0°-30°S 

3.6 

3.7 

3.9 

3.9 

3.9 

3.8 

4.2 

4.4 

4.6 

4.8 

30°-90 s N 

2.9 


3.2 

3.2 

3.1 

2.9 

3.3 

3.3 

3.4 

3,4 


The 1980 proportions are used prior to 1980 and the 1989 proportions are used for 1990 and 1991. The distribution, of 
releases for CC1 2 F 2 is assumed to be similar to that for CCI3F. 


important test of tropospheric transport representations in 
three-dimensional models. Transport rates inferred from the 
CC1 3 F and CC1 2 F 2 measurements can only be as accurate as 
the knowledge of their release distributions. Detailed spatial 
distributions of release have been proposed by Prather et al. 
[1987], based on electric power consumption figures, and by 
Hartley and Prinn [1993], based primarily on a combination 
of electric power consumption and population figures. The 
latter figures have been integrated by semihemisphere to 
yield the annual proportions shown in Table 7 (D. Hartley, 
private communication, 1992). Based on a comparison 
against independently obtained estimates given by Cunnold 
et al. [1983a, b] which were derived from chlorofluorocar- 
bon sales and export figures, the emission proportions in the 
NH semihemispheres are probably accurate to ±0.05. 


9. Lifetime Estimates 

Based on the tabulated release figures, lifetimes of CGI3F 
and CCi 2 F 2 are estimated by the procedures described by 
Cunnold et al. [1983a] and Cunnold and Prinn [1991]. The 
trend lifetime estimates (7) are obtained by minimizing the 
square of the (weighted) differences between the natural 
logarithm of the measured mixing ratios (in *<r)) and 


In 1 /to)] ~ In a + (1/r -* l/r 0 ) 


9 in Xc (*m> I^o) 

a(i/r 0 ) 


d 

+ Jt 


9 In Xcti> 1/tq) 
a(l/r 0 ) 


('-'*) O) 


for variations in « (a calibration factor) and 1/r. Here t m is 
the middle of the data period, and mean (oyer both time and 
latitude) values of the partial derivatives are used. Since in 
rea|ity the partial derivatives have some dependence on l/r 0 , 
where t 0 is the lifetime used for the model calculation of the 
mixing ratios [* c (jf, after a new estimate of 1/r js 


obtained, the entire set of calculations is repeated with the 
new value of r replacing r 0 . Fortunately, the partial deriva- 
tives are relatively insensitive to the value of l/r 0 within the 
range of typical values of r 0 . 

In this optimal estimation procedure the differences be- 
tween the measured values On *(/)) and the calculated 
values from equation (2) are weighted by o 2 where 

or — cr H + or 1 + or q. 

Here a„ is the standard error of the mean of the measure- 
ments during month n (at site i ) and 07 is a measure of the 
difficulty in estimating a trend in time series i; <r t is calcu- 
lated by examining the smoothed spectrum of the residuals 
with respect to the empirical model (equation (1)) and 
choosing a value appropriate to wavenumber 1 (which is a 
reasonable proxy for the estimation of a trend in the data); cr 0 
is a site-independent standard deviation which must be 
added in order that there is statistical agreement between the 
lifetime estimates obtained from the four time series. 

The lifetime estimates obtained by the trend technique are 
shown In Tables 8 and 9. Estimates for CCI3F on the S and 
P columns, which are not independent, have been averaged. 
To provide some feeling for the consistency of these esti- 
mates and for an approumate comparison against the esti- 
mates for the first 5 years given by Cunnold et id, [1986], 
estimates are provided for both the first and the second 
6.5-year periods. Because the model simulates the seasonal 
cycles at most sites reasonably well and the time series 
extends over many years, there is almost no difference 
between estimates obtained before and after applying a 
12-month smoother to the mode! data. In these calculations 
the unsmootfied results from the two-dimensional model are 
used. 

Lifetime estimates based on the inventory technique are 
also evaluated based on minimizing optimally weighted 


Table 8. Lifetime Estimates (Years) for CCI3F in 1985 and at Equilibrium 
Based on 13 Year? of ALE/GAGE Observations and the Emission Scenarios 
Erom Fisher [1993] 



Inverse Lifetime 

July 1978-June 1991 Data 



July 1978 to January 1985 
December 1984 to June 1991 

Inverse 

Lifetime 

Lifetime 

Equilibrium 

Lifetime 

Trend estimate 
Inventory estimate 
Average 

0.0145 0.0209 

0.0233 0.0217 

0.0184 ± 0.0043 
0.0225 ± 0.0072 
0.0204 ± 0.0059 

.+ 1 + 1 + 1 

49 

40 

<4- + /o 7 






CUNNOLD ET AL.: ALE/GAGE CCI 3 F AND CC! 2 F 2 MEASUREMENTS, JULY I978-JUNE 1991 1121 


Table 9. Lifetime Estimates (Years) for CG2F2 Based in 1985 and at 
Equilibrium Based on 13 Years of ALE/GAGE Observations and the Emission 
Scenarios From Fisher [1993] 



Inverse Lifetime 

July 1978-June 1991 Data 



July 1978 to January 1985 
December 1984 to June 1991 

Inverse 

Lifetime 

Lifetime 

Equilibrium 

Lifetime 

Trend estimate 
Inventory estimate 
Average 

0.0006 0.0063 

0.0064 0.0057 

0.0039 ± 0.0028 
0.0061 ± 0.0050 
0.0050 ± 0.0041 

*y ^ +653 

£>0_io7 

161 Ig 1 
2001$ 1 

231 
145 
180 If, 20 


variances of the differences in the In x(t) between the 
measurements and the calculations. 

The uncertainties of the trend estimates of inverse lifetime 
consist of rms values of the standard deviations due to 
routine measurement uncertainties (resulting in 0.0005 for 
each species), release uncertainties as determined from the 
confidence limits given by the maximum and minimum 
release scenarios (0.0040 for CC1 3 F and 0.0024 for CC1 2 F 2 ), 
and possible instrument nonlinearity effects based on Ac = 
0.02 (0.0015 for CC1 3 F and 0.0014 for CC1 2 F 2 ). Uncertainties 
in the inventory lifetime estimates are based on rms values of 
the standard deviations of the concentrations due to global 
modeling uncertainties (3.3% for CC1 3 F [Cunnold et al., 
1983a] and 2.1% for CC1 2 F 2 [Cunnold et al., 19836]), the 
rms calibration uncertainties (1.3% for CC1 3 F and 0.9% for 
CC1 2 F 2 ), and emission uncertainties equal to 2.7% for CCI3F 
and 3.0% for CC1 2 F 2 . The latter are based on combining the 
uncertainties in cumulative release in 1980 [Gamlen et al., 
1986] with the average uncertainty due to the nonreported 
production in 1985 (the middle of the period being analyzed) 
which is proportionately derived from the nonreported pro- 
duction uncertainty in 1989-1991 from AFEAS [1991, 1992]. 
The absolute calibration uncertainties are a combination of 
the uncertainty in the SIO 1993 scale and the uncertainties 
associated with relating this scale to the ALE/GAGE mea- 
surements based on comparisons against only a few gas 
samples. Using partial derivatives from the model (6.2 for 
CCl 1 F and 7.6 for 2CCl 2 F 2 ) gives uncertainties in the inverse 
lifetimes derived by the inventory technique of 0.0072 for 
CCI3F and 0.0050 for CQ 2 F 2 . 

The CCI3F and CC1 2 F 2 lifetime estimates given in Tables 
8 and 9 differ from our previous estimates [Cunnold et al., 
1986] for several reasons. First, as indicated in Table L the 
SIO 1993 calibration scale is 5.2% lower for CCI3F than the 
OGI 1980 scale and 3.9% higher for CC1 2 F 2 . The estimated 
systematic error in the OGI 1980 scale was ±2%, but the 
assessment of systematic errors in any of these calibration 
scales is somewhat subjective. Therefore the switch to the 
SIO 1993 scale represents somewhat more than a 2<r change 
in calibration; this accounts for almost all of the change in 
the inventory estimates of lifetime for CCljF (from 68 to 44 
years) and most of the change for CCl 2 F 2 (from 68,4b 161 
years). The rest of the changes in the inventory estimates of 
lifetimes are produced by Jthe change to Fijfter release 

scenario .from the C,MA [[983] scenario (the Fisher scenario 
assumes smaller unreported emissions in. the early 1980s) 
and the 15% increase In the troposphere to stratosphere 
exchange rate in the current two-dimensional model! These 


changes are within the uncertainties discussed by Cunnold et 
al. [1983a, b, 1986]. It should be noted that lifetimes for the 
middle of the data period were quoted in those papers, not 
the equilibrium lifetimes which are stressed in this paper. 

The trend estimates of lifetime shown in Tables 8 and 9 
also differ from those given by Cunnold et al. [1986]. These 
differences are also primarily related to differences between 
the Fisher [1993] and the CMA [1983] scenarios as well as 
inconsistencies between the observed trends and these sce- 
narios. In particular, for CC1 2 F 2 the CMA [1983] scenario 
gives a larger I/C in 1981 (where 7 is the annual release and 
C is the accumulated release) by 0.0035 which leads to a 
change in the trend inverse lifetime based on the first 5 years 
data equal to roughly 0.01. This accounts for the difference 
between the CCI 2 F 2 trend lifetime estimate for the first 6.5 
years and that (1 1 1 years) given by Cunnold et al. [1986], and 
this uncertainty was recognized therein. For CC1 3 F the trend 
lifetime estimate for the first 6.5 years given here and that 
given by Cunnold et al. [1986] (74 years) are not significantly 
different. In contrast to the inventory estimates of lifetime, 
however, there is more variation as a function of period of 
analysis for the trend estimates. Nevertheless, these differ- 
ences are within the uncertainty limits which are larger for 
the shorter periods than for the longer period (e.g., Cunnold 
et al. [1986] give 0.006 for the uncertainty in the inverse 
lifetime of CC1 2 F 2 for the first 5 years of data because of 
release uncertainties), but they do suggest that the Fisher 
[1993] release scenario is not entirely capturing the evolution 
of the releases of CC1 2 F 2 over the 13-year period of analysis. 

The lifetime estimates for 1985 (i.e., the middle of the 
analysis period) are obtained by averaging the inverse life- 
time estimates by the trend and .inventory techniques. The 
error bars are calculated as the rms of the two enor bars with 
the differences from the mean value also being included. The 
corresponding equilibrium lifetimes are inferred from the 
two-dimensional model using 

.... . .... . T e =5T t f-4t t 

where r, are the lifetimes for these gases in the stratosphere 
and t t is the previously discussed transport time between the 
troposphere and the stratosphere.^The predicted equilibrium 
lifetime for CQ3F is between 34 and 61 years (lo- limits) and 
for CQ 2 F 2 is between 99 and'lOOyears.'In comparison, the 
latest estimates of the equilibrium lifetimes based on three- 
dimensional calculations usihg the measured absorption 
cross sections are 42 years for CC1 3 F and 110 years for 
CC1 2 F 2 [Golombek and Prink; ' 1993]. These values are not 
significantly different from'the ALE/GAGE estimates. 
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approximately 1% smaller between 1983 and 1986 than in the 
other years. 

The CC1 2 F 2 concentrations in Ireland are approximately 
1% smaller, relative to the model calculations, at Mace Head 
(post-1986) than they were pre-1984 at Adrigole. A similar 
difference was observed during the 3 months of simultaneous 
measurements that were made at the two sites at the end of 
1987 (no differences in CC1 3 F concentrations were observed; 
see Table 2). This difference may therefore be characteristic 
of the two locations. Accordingly, in the lifetime and release 
rate calculations the Mace Head CCI 2 F 2 concentrations 
have all been increased by 1%. 


CFC-12 



Figure 7. The fit between the model results, using the 
Fisher [1993] emissions for CFC-12 and an equilibrium 
lifetime of 180 years and the measurements. The fit could be 
improved by multiplying the ALE/GAGE measurements by 
approximately 1.01. 
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10. Release Estimates 

If the optimally estimated lifetimes derived from ALE/ 
GAGE measurements are prescribed in the two-dimensional 
model, estimates of the annual releases of the chlorofluoro- 
carbons may be obtained. The procedure is to compare 
annual means of the measured concentrations, centered at 
the end of each calendar year, against annually smoothed 
concentrations calculated using the two-dimensional model. 
Annual means are used to smooth out some of the variability 
in the measurements. The releases are calculated iteratively 
by modifying the releases one year at a time so that the mean 
concentrations, over the sites where measurements are 
available, at the end of each year match the mean modeled 
concentrations at the same locations. The mean lifetimes 
deduced from the ALE/GAGE observations are used in 
these calculations. 

The uncertainty In the estimated releases is based on the 
standard deviation of the differences between the measured 
and the modeled concentrations (typically using four sites 
with values at the beginning (tr,) and end of each year (<r 2 ), 
with the uncertainty being given as (<r? + ) ,/2 ). The effects 

of possible drifts in secondary calibration should also be 
included in these uncertainties. The rms variation in the 
year-to-year differences based on the mean curves shown in 
Figures 2 and 3 yield estimates of the possible effects 
between 1978 and 1986. These are 0.5%/yr for CCI3F and 
0.3%/yr for CC1 2 F 2 . Between 1987 and 1989 the only avail- 
able data which can be used to provide limits on such drifts 
are the ratios of ALE/GAGE and the archived air measure- 
ments at Cape Grim. As discussed in section 5, these limit 
possible drifts to 0.6%/yr for CC1 3 F and to 0.4%/yr for 
CCl 2 F 2 . From 1990 on we are confident that the network has 
been consistently calibrated; however, until this can be 
demonstrated from sufficiently long term secondary calibra- 
tion records, we shall conservatively adopt the uncertainties 
inferred for the 1978-1986 ALE/GAGE data. The possible 
year-to-year variations in secondary calibration are com- 
bined in an rms sense with the differences between the 
measured and the modeled concentrations at each site. Both 
of these error sources primarily result in random errors in 
the releases. The conversion of these standard deviations to 
precisions in the release estimates is based on the model- 
calculated dependence of releases on variations of the ob- 
served concentrations. 

The release estimates also contain possible systematic 
errors, the largest of which is the uncertainty in lifetime. 
Based on the ALE/GAGE lifetime uncertainties, the possi- 
ble errors in the emissions of CCI 2 F 2 increase from 3.3% in 
1979 to approximately 6% in 1990. The possible errors are a 
factor of approximately 1.2 larger for CCI3F. To illustrate 
the possible effect of this error source, the estimated emis- 
sions for the theoretically derived equilibrium lifetimes 
[Golombek and Prinnn, 1993] have been included in Table 5. 
The overall accuracy of the release estimates is obtained by 
combining the potential errors with the uncertainty in abso- 
lute calibration and the possible modeling errors (see section 
9). The rms-derived accuracy, ranges from 6 to 8% for CCI3F 
and from 4 to 7% f6r CCl 2 F 2 'from the beginning to the end 
of the measurement period, £ ' 

The precisions of thle release estimates may ^substan- 
tially improved by considering several year averages.. In 
particular, 3-year averages may improve the precision by a 



Figure 8. The residual variances (% 2 expressed relative to 
the measurements) obtained by combining the differences 
between the model results, using the Fisher [1993] releases, 
and the measurements at the five sites. For each assumed 
equlibrium lifetime (years) the figures on the curve indicate 
the calibration factor (a) by which the measurements would 
have to be multiplied so as to produce the best fit to the 
model results for the prescribed lifetime. The minima of the 
curves indicate the inverse lifetimes at equilibrium (per 
years) which, combined with the corresponding calibration 
factor, would produce the best fits between the measure- 
ments and the model results. 

factor of 3 V3, which increases the precision of the averages 
to approximately 2%. Errors due to inaccuracies in the 
estimates may be substantially eliminated if ratios of the 
emission in different periods are considered. Treated in this 
way, the post 1990 ALE/GAGE estimates of release may be 
more accurate than the future AFEAS/Fisher estimates 
because of the increasing proportion of nonreported produc- 
tion. 

The release estimates for CCI3F and CC1 2 F 2 are given in 
Tables 5 and 6 and in Figure 9. Good agreement with the 
Fisher estimates is indicated. However, the ALE/GAGE 
emission estimates for 1979 and 1980 for both species are 
larger than the Fisher [1993] values (but the estimated 
cumulative emissions of CC1 3 F and CC1 2 F 2 at this time are 
smaller). This difference widens if the Golombek and Prinn 
[1993] calculated lifetimes are used. It should be noted that 
the first 6 months of operation (i.e., 1978) was a, start-up 
period during which weare somewhat less confident in the 
data than during all the remaining years. Because 12-month 
smoothing is used, the release estimates for 1979, may be in 
error (in particular for CC1 2 F2>. Nevertheless, the pre-1979/ 
1980 cumulative emission differences remain. The agreement 
with the Fisher estimates would be improved if the closed 
cell foam uses of CQ3F possessed the short lifetime dis- 
cussed by Gamlen el al. [1986] and if smaller emissions from 
nonreporting countries had occurred in 1979 and 1980. 

The ALE/GAGE measurements provide strong evidence 
that worldwide emissions of CCI3F and CC1 2 F 2 decreased in 
1989 and 1990. Allowing for inaccuracies in the estimates, 
we calculate 1990 emissions of 249 ± 28 x 10 6 kg for CC1 3 F 
and 366 ± 30 x 10 6 kg for CCl 2 F 2 . Our 3-year smoothed 
estimate of the 1986 combined emissions of the two gases 
(the base year for the Montreal Protocol) is 777 x 10 6 kg. 
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1975 1980 1985 1990 1995 

YEAR 

Figure 9. Annual releases of CC1 3 F and CC1 2 F 2 and lcr 
uncertainties estimated from 13 years of ALE/GAGE data 
(points are joined by a full line); in these calculations the 
equilibrium lifetimes of CC1 3 F and CC1 2 F 2 are 44 and 180 
years, respectively. These are compared against the most 
recent estimates of world releases [Fisher, 1993] (crosses 
joined by a dashed line). 


The precison of this estimate is 46/3 V3 = 9x10® kg and the 
accuracy is approximately 46 x 10® kg. The 1990 emissions 
expressed as a ratio to the smoothed 1986 emissions exhibit 
a decrease of 21 ± 5% and the 1989 emissions are 6 ± 7% 
smaller than the 1986 emissions (the 1990 ratio is 20% if the 
Golombek and Prinn [1993] lifetimes are used and possible 
inaccuracies do not affect these estimates). The reduction in 
the 1990 emissions is not significantly different from the 
Fisher estimate of 16% although it suggests that recent, 
nonreported emissions might be being overestimated. 

In response to the recent decrease in the emissions, the 
accumulation rates of CC1 3 F and CC1 2 F 2 have begun to 
decrease, as was discussed in the empirical model section. 
This may be more clearly seen in Figure 10 in which the 
lower tropospheric means and the global means at the ends 
of each calendar year have been plotted. These values are 
the results of the two-dimensional model calculations using 
the estimated annual releases and the prescribed lifetimes. 
Calculated in this way, these model results are a best fit to 
the measurements. The smaller annual concentration in- 
creases in 1989 and 1990 may be noted. 

11. Conclusion 

ALE/GAGE measurements of the chlorofluorocarbons, 
CCI 3 F and CC1 2 F 2 , between July 1978 and June 1991 at five 
globally distributed locations have been analzyed. Adjust- 
ments to the measurements for shifts in the secondary 
calibration standards which apparently occurred between 
1984 and 1991 have been made. The adjusted ALE/GAGE 
measurements have been shown to be in excellent agreement 
with shipboard measurements south of 30°S and archived air 
samples collected at Cape Grim, Tasmania, since 1978. The 
measurements have been placed on the Scripps Institution of 
Oceanography, SIO 1993, calibration scale which represents 
a reduction in CC1 3 F concentrations by approximately 5.2% 


and an increase in CC1 2 F 2 concentrations by 3.9% compared 
to Cunnold et al. [1986]. 

The ALE/GAGE data can usefully be broken into two 
periods with markedly different characteristics. Applying an j 
empirical model separately to the first 10 years of data (July } 
1978 to June 1988) and the last 3 years (July 1988 to June | 
1991), we determined a slow increase in the atmospheric f 
trends of CC1 3 F and CC1 2 F 2 in the lower troposphere in the >; 
first 10 years and a rapid decrease in the trends over the past 4 
3 years. During the first 10 years the trend averaged 9.2 and 
17.3 ppt/yr, respectively, for CC1 3 F and CC1 2 F 2 . In contrast, 
the trends averaged 7.0 and 15.7 ppt/yr, respectively, in the 
last 3 years and these trends were decreasing at rates of 2.4 
and 2.9 ppt/yr 2 . The trends were observed to decrease first 
in the northernmost semihemisphere, as is to be expected 
based on the source distributions of these gases. 

Atmospheric lifetimes of CC1 3 F and CC1 2 F 2 have been 
obtained by the analysis procedures initially described by 
Cunnold et al. [1983a]. The worldwide release estimates 
[Fisher, 1993] used in these calculations utilize AFEAS 
[1992] figures for production by reporting companies but are 
different from the worldwide release estimates by the CMA 
[1983], Equilibrium lifetimes for CC1 3 F of 44+j'o years and of 
180^|?° years for CC1 2 F 2 have been inferred. In contrast to 
the previous lifetime estimates given by Cunnold et al. 
[1986], there is now good agreement between the estimates 
obtained by the trend and inventory techniques. This results 
primarily from the new calibration factors and the revised 
estimates of worldwide releases. Uncertainties remain in the 
trend estimates primarily because of release uncertainties. 
Uncertainties in the inventory lifetime estimates are pro- 
duced by a combination of uncertainties in absolute calibra- 
tion, in release and in global simulations with a two- 
dimensional model. 

These lifetimes have been used to infer annual releases of 
the chlorofluorocarbons. Model releases are adjusted in each 
year sequentially until agreement is obtained between the 
observed and calculated annual mean concentrations. The 


ANNUAL INCREASES 



1975 1980 1985 1990 1995 

YEAR 


Figure 10, Annual global rates of increase (ppt/yr) of 
CC1 3 F and CC1 2 F 2 estimated by combining ALE/GAGE 
observations and two-dimensional model calculations, (a) In 
the lower troposphere, 500-1000 mbar (pluses and solid 
lines) and (b) the entire atmosphere (crosses and dashed 
lines). 
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estimated releases of both CC1 3 F and CC1 2 F 2 in 1979 and 
1980 are larger than the Fisher [1993] estimates, but in 
contrast, the accumulated emission prior to 1979 are smaller 
than the Fisher estimates. These differences could be re- 
duced by assuming shorter lifetimes for the CC1 3 F used in 
closed cell foams, and a more rapid buildup of nonreported 
emissions of CC1 2 F 2 in this time period. It was also inferred 
that the releases of both chlorofluorocarbons in 1989 and 
1990 were less than those in 1988 and the combined 1990 
release of CCljF and CC1 2 F 2 was estimated to be 21 ± 5% 
less than in 1986. Hie 1990 releases were estimated to be 249 
4 28 x 10 s kg for CCI3F and 366 ± 30 x 10 6 kg for CCl 2 F 2 . 
This decrease is a little larger than that calculated from 
production figures by Fisher [1993], suggesting the possibil- 
ity that recent nonreported emissions are being overesti- 
mated. It was suggested that global release estimates from 
GAGE data for years after 1990 could be more accurate than 
the estimates obtained from worldwide production figures. 

The decrease in the annual releases is associated with 
smaller increases in the globally integrated (i.e., both hori- 
zontally and vertically integrated) atmospheric content of 
the chlorofluorocarbons in the past few years. Over the 
period 1979-1988 the global atmospheric inventory is esti- 
mated to have been increasing, on average, 8.6 ppt/yr for 
CCI3F and 17.6 ppt/yr for CC1 2 F 2 . In 1990, however, the 
estimated increase in inventory was 5.3 ppt/yr for CCljF and 
14.5 ppt/yr for CC1 2 F 2 . 
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Global Average Concentration and Trend for Hydroxyl Radicals Deduced 
From ALE/GAGE Trichloroethane (Methyl Chloroform) Data for 1978-199 

R. Prinn, 1 D. Cunnold, 2 P. Simmonds, 3 F. Alyea, 2 R. Boldi, 1 A. Crawford, 4 P. Fraser, 5 
D. Gutzler, 6 D. Hartley, 1 R. Rosen, 6 and R. Rasmussen 4 

Atmospheric measurements at several surface stations made between 1978 and 1990 of the 
anthropogenic chemical compound 1,1, 1 -trichloroethane (methyl chloroform, CH3CCI3) show it 
increasing at a global average rate of 4.4 ± 0.2% per year (lcr) over this time period. The measured 
trends combined with industrial emission estimates are used in an optimal estimation inversion scheme 
to deduce a globally averaged CH3CCI3 tropospheric (and total atmospheric) lifetime of 5.7 (+0.7, 

-0.6) years (lcr) and a weighted global average tropospheric hydroxyl radical (OH) concentration of 
(8.7 ± 1.0) x 10 5 radical cm" 1 (lcr). Inclusion of a small loss rate to the ocean for CH3CCI3 of 1/85 
year -1 does not affect the stated lifetime but lowers the stated OH concentration to (8.1 ± 0.9) x I0 5 
radical cm -3 (lcr). The rate of change of the weighted global average OH concentration over this time 
period is determined to be 1.0 ± 0.8% per year (lcr) which has major implications for the oxidation 
capacity of the atmosphere and more specifically for methane (CH 4 ), which like CH3CCI3 is destroyed 
primarily by OH radicals. Because the weighting strongly favors the tropical lower troposphere, this 
deduced positive OH trend is qualitatively consistent with hypothesized changes in tropical tropo- 
spheric OH and ozone concentrations driven by tropical urbanization, biomass burning, land use 
changes,- and long-term warming. We caution, however, that our deduced rate of change in OH 
assumes that current industry estimates of anthropogenic emissions and our absolute calibration of 
CH3CCI3 are accurate. The CH3CCI3 measurements at our tropical South Pacific station (Samoa) 
show remarkable sensitivity to the El Nino-Southern Oscillation (ENSO), which we attribute to 
modulation of cross-equatorial transport during the northern hemisphere winter by the interannually 
varying upper tropospheric zonal winds in the equatorial Pacific. Thus measurements of this chemical 
compound have led to the discovery of a previously unappreciated aspect of tropical atmospheric 
tracer transport. 


I. Introduction 

The hydroxyl radical (OH) is arguably the single most 
important oxidizing agent in the troposphere. It is produced 
in daylight hours primarily from the reaction of water vapor 
with O('O) and secondarily by reduction of the hydroper- 
oxy radical (H0 2 ) by NO, 0 3 , H0 2 , and organoperoxy 
radicals [e.g., Donahue and Prinn, 1990]. It is destroyed on 
a time scale of about 1 s by oxidizing CO, S0 2 , NO z , and a 
wide range of hydrocarbons, including methane (CH 4 ). 
Direct measurement of tropospheric OH Is very difficult with 
long-baseline spectroscopy possessing a sensitivity level not 
much lower than ambient OH levels [Callies el al., 1989]. An 
alternative, indirect approach to OH measurement is to 
determine the rate of loss of a chemical whose sources are 
known and whose major sink is reaction with OH. This 
approach can be used with a globally dispersed chemical like 
1, 1,1 -trichloroethane (CH 3 CCI 3 ) to yield a weighted global 
average OH concentration [Singh, 1977; Lovelock, 1977; 
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Makide and Rowland, 1981; Prinn et al., 1983 b, 198 
Khalil and Rasmussen, 1984; Fraser et al., 1986a] or with 
locally dispersed chemical to yield a local OH concentratk 
[Prinn, 1985]. 

Measurements of CH 3 CCI 3 (common name, methyl chi 
reform) have been carried out since 1978 as a part of tl 
Atmospheric Lifetime Experiment (ALE) and its success 
the Global Atmospheric Gases Experiment (GAGE). V 
previously used the first 7 years of these data to deduce 
weighted global average tropospheric OH concentration ■ 
(7.7 ± 1.4) x I0 5 radical cm -3 and a global averai 
CH 3 CCI 3 atmospheric lifetime of 6.3 (+1.2, -0.9) yea 
[Prinn et al., 1987], In view of the general significance of O 
in tropospheric chemistry and more specifically the predi 
tion that tropospheric OH levels may be changing [Thomi 
son and Cicerone, 1986; Isaksen and Hov, 1987], it is als 
important to determine (or at least place constraints on) th 
temporal trend in OH. In this paper we update our earlit 
analysis by reporting the first 12 years of ALE/GAG 
CH 3 CCI 3 data and using these data to determine the tim 
average and (for the first time) the linear temporal trend i 
the CH 3 CCI 3 lifetime and thus the OH concentration. W 
also report evidence for an effect of the Southern Oscillatio 
(SO) on Pacific CH 3 CCI 3 measurements. 

2. Experiment 

Trichloroethane is analyzed at the ALE/GAGE stations i 
real time using microprocessorcontrolled gas chromatr 
graphs with silicone-packed columns and electron captur 
detectors [Prinn et al., 1983a], The ALE/GAGE station 
are located in Cape Grim, Tasmania (4 1 °S , 145°E); Poir 
Matatula, American Samoa (14°S, I71°W); Ragged Point 
Barbados (I3°N, 59°W); Cape Meares. Oregon (45°N 
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124°W); Adrigole, Ireland (52°N, 10°W); and Mace Head, 
Ireland (53°N, 10°W) (this station replaced the Adrigole 
station beginning in 1987). 

Absolute calibration of the CH3CCI3 measurements is 
carried out by comparing alternate analyses of (Nafion- 
dried) air and on-site (Nafion-dried) calibration gas [Prinn et 
al. , 1983a). Both before and after use at the site the on-site 
calibration gas tank is analyzed relative to working second- 
ary standards [Rasmussen and Lovelock, 1983] maintained 
at the Oregon Graduate Institute before 1989 and at the 
Commonwealth Scientific and Industrial Research Organiza- 
tion after 1989. This calibration procedure assumes a linear 
relation between instrument response R and mixing ratio x 
(i.e., in the general expression R « the nonlinearity 

parameter e = 1 - d In Rid In x — 0). For small values of 
e, A In R, and A In x the error in x due to nonlinearity is 
approximately -e*A In R [Prinn et al., 1990). The linearities 
of the instruments at each of the five sites and of the 
instrument used to analyze the on-site calibration tanks 
relative to the secondary standards have been investigated 
using a suite of test tanks with mixing ratios ranging from 0.5 
to 1.3 times present atmospheric concentrations. From these 
tests we find e = 0.00 ± 0.04 for CH3CCI3. The largest 
difference between unknowns and standards for CH3CCI3 in 
ALE/GAGE is a factor of 2 (i.e., A In R s 0.7). Thus the 
largest error in *due to nonlinearity is approximately e x 0.7 
x 100 = 0.0 ± 2.8%, and this error would apply to 1990 
atmospheric analyses in northern mid-latitudes calibrated 
against our original 1978 secondary standards. This instru- 
mental nonlinearity contributes an uncertainty to our quoted 
CH3CCI3 trends of about 0.0 ± 0.2% per year which, while 
not negligible, is small compared to the observed CH3CCI3 
trends. The above e values could also reflect in part the finite 
accuracy with which the individual tanks for testing nonlin- 
earity can be prepared. 

The absolute calibration of the working secondary stan- 
dards is based on Khalil and Rasmussen [1984]. This means 
that the so-called ALE/GAGE calibration factor (£) for 
CH3CCI3 is currently 0.80 ± 0.08 compared to the original 
calibration factor of 1.00 ± 0.15 which was based on 
Rasmussen and Lovelock [1983]. A recent intercomparison 
between ALE/GAGE and a Japanese standard (Y. Makide, 
private communication, 1991) yielded f = 0.56 for the 
Japanese standard. The consistency of the latter £ value with 
ALE/GAGE measurements and industry emissions is dis- 
cussed later. For determination of long-term trends the 
long-term stability of the secondary standards is an impor- 
tant consideration. The relative stability of CH3CCI3 is 
checked using a set of specially maintained secondary stan- 
dard tanks which are periodically analyzed relative to the 
Original secondary tank 033 as described by Rasmussen and 
Lovelock [1983]. For the seven surviving members of this set 
(tank numbers 022, 028, 030, 032, 036, 004, and 017) mea- 
sured (relative to tank 033) in 1987 and 1989, the values 
differed by 0. 1 ± 2.0 ppt (parts per trillion by number) and 
0.3 ± 2.3 ppt, respectively, from the original 1978 values; 
these differences are not statistically different from zero 
(stated uncertainties are standard deviations which are V7 
times the error in the mean). This result does not of course 
test whether tank 033 itself is drifting. If the drift in the seven 
test tanks relative to tank 033 is indicative of the magnitude 
of the possible drift in 033 itself, then this implies the 
possibility of a linear drift in the secondary standards of 0.01 


± 0.22 to 0.03 ± 0.21 ppt yr -1 (i.e., 0.01 ± 0.20 to 0.C 
0.19% per year). These possible drifts are clearly s 
compared to the measured atmospheric trends in CH 3 C 
but we make the caveat that the long-term trends reporte 
this paper depend on explicit assumptions concerning 
stability of CH3CCI3 in the above set of test tanks. 

Finally, as a measure of the combined effects of ins 
mental nonlinearity, calibration stability, and accuracy 
secondary calibration tank preparation, three “archi 
tanks were filled during the first year of ALE/GAGE 
were analyzed approximately 12 years later relative 
secondary calibration tanks 363, 366, and 382. The aver 
difference between these archive tanks analyzed 12 ye 
after filling and Cape Grim ALE/GAGE measurements m; 
at the time they were filled was 3.2 ± 1.7 ppt (3.6 ± l.S 
corresponding to an annual change of 0.26 ± 0. 14 ppt yi 
(0.3 ± 0.2% per yr -1 ). The latter annual change is com 
rable to the uncertainty in the long-term CH3CCI3 trend < 
to measurement variability (see below). 

3. Observations 

In the first phase of ALE/GAGE (ALE, 1978-198 
HP5840 gas chromatographs taking four calibrated air mi 
surements per day were used, while in the second ph< 
(GAGE, 1981 to present) the HP5840 instruments were fi 
run together with and then replaced by HP5880 instrumei 
taking 12 air measurements per day. Agreement betwe 
ALE and GAGE instruments for CH3CCI3 was excellei 
with the small differences largely attributable to the fin 
accuracy with which the separate calibration tanks used f 
the two instruments can be prepared (e.g., Fraser et t 
[19866] for the Cape Grim station). 

3.1. High-Frequency Variability 

A special feature of the ALE/GAGE approach to Ion 
term trace gas measurements is its ability to resolve impc 
tant short-term variations in trace gas concentrations. Th 
ability is illustrated in Figure 1 which shows measuremen 
to-measurement variations in CH3CCI3 (and for comparisoi 
one of the other ALE/GAGE gases, CF 2 C1 2 ) over a period < 

2 years. Pollution events, identified by simultaneous larj 
positive increases in CH3CCI3 and CF 2 C1 2 , are quite evidei 
at Ireland, Oregon, and Tasmania. These are associated wit 
regional circulation changes bringing air to the stations froi 
nearby industrial regions. Between these pollution event; 
westerlies coming off the ocean bring relatively clean back 
ground air to these three stations. Except for a few ir 
stances, pollution events are rare or absent at the tropics 
stations on Barbados and Samoa. Instead, the large north ti 
south gradients in CH3CCI3 (and CF 2 C1 2 ) combined witl 
significant interannual and intra-annual changes in the trop 
ical circulation lead to variations at these tropical sites of : 
distinctly different nature. 

Specifically, at Barbados during July-December there an 
significant simultaneous decreases (and sometimes in 
creases) in both CH3CCI3 and CF 2 C1 2 that can be attributec 
to enhanced south-to-north (or for the increases, north-to 
south) transport of air in the north equatorial Atlantic at this 
time of year. Similarly, at Samoa during the northern hemi- 
sphere (boreal) winter there are in certain years (e.g., 1988 at 
shown) large simultaneous increases in both CH3CCI3 and 
CF 2 C1 2 which can be attributed to enhanced transport of aii 
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Fig. 1. Twelve-hour averages of the high-frequency (12 per day) measurements of CH 3 CCI 3 (MC) and CF 2 CI 2 
(F12) during 1987-1988 at the five ALE/GAGE stations with time average and linear trend removed illustrating pollution 
events at mid-latitude stations and large-scale meridional transport-induced variations at tropical stations. The 
high-frequency CH 3 CCI 3 and CF 2 CI 2 variations are highly correlated as expected. Units are parts per trillion by 
molecular number in dry air designated ppt. Note the different concentration scales used for mid-latitude and tropical 
stations. The vertical bar on each station denotes 25 ppt. 
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Plate 1. Monthly mean concentrations and standard deviations for CH 3 CCI 3 during 1978-1990 at the five 
ALE/GAGE stations. Pollution events have been removed from the mid-latitude stations. The Ireland station was 
located at Adrigole for 1978-1983 and Mace Head for 1987-1990. Units are parts per trillion by number (ppt). 


from the northern hemisphere during this season. This 
process and its relation to the Southern Oscillation (SO) will 
be discussed later. Note that the latitudinal gradient (parts 
per trillion per degree) of CH 3 CCI 3 is about twice that of 
CF 2 C1 2 , accounting for the generally greater amplitude of 
these circulation-induced variations for CH 3 CCl 3 than for 
CF 2 C1 2 at both of these tropical sites [Hartley and Prinn, 

mi]. 

For many of the analyses undertaken in this paper, the 
ALE/GAGE measurements, when averaged over time scales 
of a month or longer, are intended to be indicative of the air 
in a large atmospheric region. Specifically for the CH 3 CCI 3 
lifetime determinations in this paper this region consists of 
the air between the surface and 500 mbar in the semihemi- 
sphere in which the station lies. Hence periods of obvious 
local CH 3 CCI 3 pollution occurring at Ireland, Oregon, and 
Tasmania are specifically omitted from the data used to 
define the monthly means and standard deviations discussed 
in the following sections. , 

3.2. Monotonic and Periodic Variations 

Monthly mean mixing ratios x ar >d standard deviations a 
computed from the 120 to 360 measurements made each 


month at each ALE/GAGE station are illustrated in Plate 1 
and tabulated in Table 1 . As discussed elsewhere [Prinn et 
al., 1983a, b; Fraser et al., 1986a; Prinn et at., 1987], the 
latitudinal gradients of concentration, the larger standard 
deviations in the northern hemisphere than in the southern 
hemisphere, and the distinct annual cycles in concentration 
can be explained at least qualitatively in terms of distances 
from sources (largely northern mid-latitude), intensity and 
seasonality of the global circulation, and the seasonal cycle 
in the reaction 


OH + CH 3 CCI 3 -► H 2 0 + CH 2 CC1 3 (1) 

caused by the seasonal cycle (with summer maximum) in OH 
concentrations. 

To describe the monotonic and periodic features of the 
data, the monthly mean mixing ratios Xi at station i are 
described conveniently by an empirical model comprised of 
orthogonal functions either monotonic or periodic in time. 
Specifically, 


Xi = a, + bfi - - l + d i P 2 \ - - 1 + c, cos (2 tt0 


+ Sj sin O-trt) + Pi cos (2 7r r/r 0 ) + q t sin (2ntlt 0 ) ( 2 ) 
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vhere t is time (in years) measured from the beginning of the 
-ecord, P, and P 2 are Legendre polynomials of the order of 
l and 2, respectively, and t 0 = 2.4 years is the assumed 
period of the quasi-biennial oscillation (QBO). The maxi- 
mum likelihood estimates of a„ b ,, d h p,, q n c it and s, 
obtained by weighting each by its inverse variance are 
given in Table 2. Note from Table 2 (and also Plate 1) that 
statistically significant annual cycles (described by c„ j f ) are 
evident in Ireland, Oregon, Barbados, and Tasmania. An 
annual cycle is barely evident in Samoa from the coefficients 
in Table 2, but cycles become quite evident if one divides the 
data into periods corresponding to extrema in the SO, as 
discussed later. A statistically significant QBO is evident at 
Barbados (0.8 ppt amplitude) but is marginal or absent at the 
other stations. This general conclusion still holds when we 
assume t 0 = 2.25 years for the QBO with only slight 
changes in the amplitude and phase at Barbados relative to 
the t 0 = 2.4-year case. A similar result for Barbados (but 
not Tasmania) was found for ALE/GAGE N 2 0 data [Prinn 
et al., 1990]. 

The 12-year averages of the CH 3 CC1 3 mixing ratios and 
trends at each station are given by the a,- and b-J 6 values, 
respectively, in Table 2. Averaging these a, and bj 6 values 
at Tasmania, Samoa, Barbados, and Ireland plus Oregon we 
obtain a “global" 12-year average mixing ratio of 124.5 ppt 
and trend of 5.5 ± 0.2 ppt yr _l (i.e., 4.4 ± 0.2% per year) 
with uncertainties being l<r. As noted earlier, the CH 3 CC1 3 
trend is large compared to the inferred errors associated with 
drifting standards and the maximum inferred enors associ- 
ated with instrumental nonlinearities. Negative values for 
the rate of change in the trend (</,/ 12) at all stations except 
Cape Meares mean that the annual rate of increase of 
CH 3 CC1 3 is overall decreasing with time, consistent with an 
approach to a steady state. 

Because the annual cycle in CH 3 CC1 3 at some of the 
stations is not a simple 12-month harmonic, equation (2) has 
limitations for application to these stations. To provide 
further analysis of the annual cycle we compute monthly 
mean residuals R by subtracting monotonic variations (as 
described by an unweighted cubic polynomial fit to the data) 
from the x values, thus leaving the periodic variations in the 
residuals. For each month we then determine the 12-year 
average residual, its standard deviations, and its standard 
error. To illustrate persistence and further address fluctua- 
tions, we also compute the autocorrelation coefficient A{t) 
for time lags of t months with a value being considered 
significant at the 95% level if A{t) > 2lVn where n (s 144) 
is the total number of monthly residuals [e.g., Hartley and 
Prinn, 1991]. 

The residuals and autocorrelations for Ireland, Oregon, 
Barbados, and Tasmania are given in Figure 2. It is evident 
that only Tasmania possesses a nearly simple 12-month 
harmonic annual cycle. Barbados and Oregon have a signif- 
icant annual cycle, but the cycles consist of fairly constant 
positive residuals for 9 months and relatively larger negative 
residuals for 3 months requiring superposition of a number of 
harmonics to describe them. Ireland also possesses a signif- 
icant annual cycle requiring superimposed harmonics to fit 
it. Negative residuals in Barbados in September-November 
are associated with transport from the south of air with 
anomalously low CH 3 CCI 3 mixing ratios. As a result the 
standard deviations o (Table 1) are about 50% higher during 
September-November than during the rest of the year. 


Transitions from positive to negative residuals during the 
local summer in Ireland, Oregon, and Tasmania are certainly 
due in part to faster chemical destruction (equation (1)), but 
circulation and proximity to sources are additional contrib- 
utors in Ireland and Oregon and to a lesser extent in 
Tasmania. 

3.3. Interannual Variations and the Southern Oscillation 

Examination of Plate 1 shows that in some years there is a 
sharp seasonal maximum in CH 3 CC1 3 at Samoa during the 
first few months of the year (e.g., years 1981, 1984, 1985, 
1986, 1988, 1989) so that the CH 3 CC1 3 measurements at 
Samoa and Tasmania are anticorrelated. However, in other 
years (particularly 1983 and 1987) this boreal winter maxi- 
mum is not present, and the CH 3 CCI 3 mixing ratios at 
Samoa and Tasmania are highly correlated. In conjunction 
with the absence of the boreal winter maximum in 1983 and 
1987 the standard deviations a at Samoa are depressed 
relative to other years (see Figure 3). The periods from 
mid-1982 to mid-1983 and from mid-1986 to mid-1987 were 
characterized by strong SO “warm event” or El Nino 
conditions in the tropical Pacific, suggesting that the dra- 
matic circulation changes associated with swings of the SO 
affect the mixing ratio of CH 3 CCI 3 at Samoa. 

Southern Oscillation-methyl chloroform relationships are 
specifically examined by correlating standard indices of the 
tropical Pacific circulation used by the U.S. National Mete- 
orological Center (NMC) to monitor the SO with monthly 
mean methyl chloroform fluctuations. These indices (to be 
described later) are specifically intended to describe interan- 
nual variability and so are defined in terms of departures 
from a climatological seasonal cycle. To make meaningful 
quantitative comparisons of the time series of these indices 
with fluctuations of methyl chloroform, it is therefore nec- 
essary to remove both the long-term trend and a mean 
seasonal cycle from the latter. . . .. 

To match the definitions of the SO indices, monthly 
concentration anomalies SR at each station are defined by 
subtracting from the residuals R the climatological (i.e., 
12-year average) monthly mean value of the residuals. Sim- 
ilarly, monthly standard deviation anomalies So are defined 
by removing climatological (i.e., 12-year average) monthly 
means of the standard deviations o. 

Before discussing correlations with tropical circulation 
indices, it is instructive to compare the standard deviation 
(r) and 1-month lag autocorrelation a(l) statistics of the SR 
and So time series, shown in two columns of Table 3. The 
pairs of standard deviations are nearly the same at the three 
Northern Hemisphere sites and are about a factor of 2 larger 
than the corresponding values at Tasmania. Standard devi- 
ations at Samoa are slightly smaller than those at the 
northern hemisphere sites, and s is least in Tasmania. 
Tropospheric eddy activity is vigorous in the vicinity of 
Tasmania [Trenberth, 1981], so the small s value here is 
undoubtedly due to the fact that CH 3 CC1 3 is much more 
homogeneously distributed in the deep southern hemisphere 
than in the northern hemisphere. 

The autocorrelation statistic provides some measure of the 
coherence of month-to-month variability apart from the 
seasonal cycle. Four of the SR series exhibit a substantial 
degree of autocorrelation (between 0.5 and 0.7). The notable 
exception is Barbados, where there is very little persistence 
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TABLE 1 . Monthly Mean Mixing Ratio x (ppt). Standard Deviations a (ppt), and Number of Measurements Each Month N of 
CH 3 CC1 3 at the ALE/GAGE Sites Over the Period July 1978 to June 1990 

Year 

Month 

Ireland 


Oregon 


Barbados 

Samoa 


Tasmania 


X 

<J 

N 

X 

a 

N 

X 

cr 

N 

X 

a 

N 

X 

cr 

i 

1978 

7 

112.1 

4.6 

224 




99.6 

5.8 

144 

71.1 

2.9 

61 

68.8 

3.4 


1978 

8 

109.7 

3.7 

185 




99.5 

6.2 

200 

72.1 

3.4 

125 

66.6 

2.6 

1 

1978 

9 

105.8 

3.9 

235 




94.3 

8.2 

168 

72.4 

2.9 

126 

68.5 

2.9 

■ 

1978 

10 

107.4 

3.8 

151 




94.6 

8.2 

111 

74.2 

2.9 

108 

70.7 

2.2 

. 

1978 

11 

107.7 

3.3 

92 




92.8 

7.1 

125 

74.6 

4.2 

97 

74.9 

l.l 


1978 

12 







99.3 

6.7 

129 

75.0 

5.1 

57 

74.2 

1.0 

; 

1979 

1 

111.5 

4.6 

74 




100.2 

7.5 

114 

78.0 

3.3 

18 

73.1 

1.2 

: 

1979 

2 

112.7 

3.2 

25 




99.7 

7.0 

112 

75.9 

3.6 

95 

73.1 

1.2 

t 

1979 

3 

112.2 

5.0 

68 




100.8 

6.9 

95 

76.6 

2.9 

117 

75.2 

1.6 

K 

1979 

4 

115.4 

4.9 

62 







76.3 

3.4 

120 

76.5 

0.9 

It 

1979 

5 

117.2 

4.6 

81 




101.9 

3.3 

80 

77.9 

2.0 

122 

76.7 

1.4 

1C 

1979 

6 

117.7 

5.1 

68 




100.0 

4.7 

40 

78.5 

0.7 

114 

78.1 

1.8 

1C 

1979 

7 

115.1 

5.6 

136 


... 


102.8 

6.7 

88 

79.7 

II 

118 

77.2 

1.4 

8 

1979 

8 

115.8 

5.0 

104 




105.6 

4.1 

117 

81.2 

1.7 

ill 

78.7 

1.2 

11 

! 1979 

9 

116.8 

5.1 

94 




99.0 

7.4 

134 

81.3 

1.9 

102 

79.7 

1.3 

10 

; 1979 

10 

120.3 

4.1 

53 




98.8 

5.9 

127 

83.0 

1.8 

115 

80.8 

0.9 

9 

1979 

11 

119.7 

5.8 

72 




102.8 

5.9 

90 

85.2 

1.7 

113 

81.5 

l.l 

11 

1979 

12 

122.5 

5.7 

69 

125.5 

7.0 

55 

105.2 

4.1 

130 

79.2 

4.7 

102 

81.0 

0.7 

8 

1980 

1 

121.9 

6.4 

58 

127.7 

4.9 

71 

107.9 

5.0 

133 

84.0 

2.4 

100 

■80.6 

0.9 

9 

1980 

2 

123.0 

5.5 

106 




108.5 

5.2 

105 

86.3 

2.6 

122 

81.0 

1.1 

7 

' 1980 

3 

126.7 

5.7 

89 

123.9 

2.0 

20 

112.5 

3.8 

104 

86.7 

2.7 

103 

82.4 

1.2 

11 

1980 

4 

130.0 

6.0 

103 

126.4 

2.4 

78 

110.1 

3.1 

79 

87.1 

3.1 

116 

82.0 

1.3 

4 

1980 

5 

132.0 

6.0 

60 

126.3 

1.8 

93 

1 II .0 

3.8 

137 

88.2 

1.8 

115 

85.9 

1.8 

7 

1980 

6 

130.6 

6.7 

115 

124.1 

2.4 

114 

113.9 

3.4 

147 

89.2 

1.2 

94 

86.8 

1.8 

8: 

I 1980 

7 

130.7 

5.0 

111 

120.8 

2.9 

85 

112.9 

4.6 

129 

90.5 

0.8 

117 

87.6 

1.5 

9: 

1980 

8 

126.9 

4.7 

111 

121.6 

2.5 

81 

111.3 

3.5 

59 

91.6 

1.0 

117 

88.7 

1.1 

9: 

1980 

9 

124.8 

4.2 

104 

125.3 

6.3 

103 

109.6 

6.6 

126 

92.1 

1.6 

103 

90.0 

0.8 

6! 

1980 

10 

127.4 

4.4 

81 

132.1 

6.7 

111 

109.9 

6.4 

126 

92.5 

II 

17 

90.8 

1.0 

71 

1980 

11 

129.0 

4.2 

77 

130.1 

5.5 

118 

114.6 

4.7 

117 

94.2 

1.8 

63 

90.5 

1.5 

9< 

1980 

12 

129.2 

4.0 

66 

128.2 

4.6 

104 

115.5 

6.3 

118 

96.1 

3.0 

100 

89.4 

0.6 

8.‘ 

1981 

1 

128.5 

5.9 

118 

129.5 

4.2 

121 

114.8 

4.4 

138 

96.7 

3.2 

42 

89.4 

0.7 

5< 

1981 

2 

129.4 

4.2 

60 

133.0 

7.8 

107 

116.8 

4.2 

119 




89.7 

0.7 

43 

1981 

3 

130.2 

4.9 

96 

128.5 

2.9 

120 

112.5 

3.7 

100 

97.8 

1.7 

30 

91.2 

1.0 

86 

1981 

4 

131.9 

3.3 

46 

128.8 

2.2 

106 

117.4 

5.3 

104 

96.2 

1.9 

136 

92.1 

0.7 

76 

1981 

5 

135.0 

4.0 

59 

129.8 

2.9 

104 

119.1 

3.6 

123 

95.9 

2.4 

123 

92.8 

1.0 

86 

1981 

6 

135.3 

4.7 

79 

130.5 

2.3 

108 

117.6 

3.4 

110 

97.4 

1.5 

113 

93.4 

l.l 

60 

1981 

7 

131.4 

6.3 

120 

126.4 

3.5 

116 

120.4 

3.7 

86 

97.4 

1.7 

73 

93.2 

1.0 

53 

1981 

8 

131.9 

5.1 

112 

126.2 

3.0 

107 

116.4 

7.2 

95 

99.4 

l.l 

104 




1981 

9 

134.2 

6.5 

75 

128.9 

2.8 

84 

115.9 

6.2 

95 

100.3 

1.8 

79 

93.7 

2.0 

78 

1981 

10 

134.2 

5.4 

58 

130.9 

3.1 

73 

116.6 

5.4 

128 

97.8 

1.4 

97 

96.2 

3.2 

52 

1981 

11 

134.7 

5.5 

85 

134.3 

2.4 

68 

116.3 

4.8 

110 

97.9 

1.7 

64 

96.5 

1.3 

100 

1981 

12 

137.2 

5.4 

87 

135.7 

2.5 

96 

115.3 

4.3 

108 

98.8 

2.3 

87 

97.1 

1.8 

420 

1982 

1 

132.4 

5.8 

85 

134.6 

1.5 

87 

120.3 

3.1 

104 

99.5 

2.4 

68 

96.6 

1.6 

393 

1982 

2 

133.8 

4.9 

100 

135.3 

2.9 

54 

120.5 

3.0 

68 

101.9 

2.7 

64 

96.5 

1.5 

362 

1982 

3 

138.9 

6.7 

83 

136.4 

2.3 

91 

120.1 

3.0 

110 

100.0 

1.1 

54 

97.0 

1.3 

347 

1982 

4 

140.9 

5.2 

69 

139.6 

2.1 

98 

126.0 

3.3 

119 


... 


98.2 

1.5 

390 

1982 

5 

138.5 

5.3 

41 

138.9 

1.8 

52 

123.8 

3.8 

123 


... 


99.9 

0.9 

371 

1982 

6 

138.8 

3.7 

85 

136.9 

2.2 

iio 

124.1 

3.0 

118 

101.3 

1.5 

18 

101.2 

0.7 

413 

1982 

7 

138.3 

5.5 

69 

134.4 

2.5 

"'67 

125.6 

2.8 

49 

100.9 

1.6 

108 

102.0 

0.9 

377 

1982 

8 

134.5 

4.6 

115 

131.0 

2.8 

m 

125.6 

3.9 

83 

102.2 

1.7 

101 

102.9 

0.9 

344 

1982 

9 

135.5 

5.6 

110 

130.5 

4.0 

63 

121.3 

4.9 

115 

102.1 

1.3 

104 

103.1 

0.5 

369 

1982 

10 

139.7 

5.0 

98 

134.5 

2.6 

71 

119.2 

5.2 

71 

102.1 

0.9 

121 

103.4 

1.0 

445 

1982 

11 

142.8 

4.2 

111 

135.9 

2.3 

66 

123.1 

4.5 

120 

101.4 

0.9 

99 

103.2 

1.1 

359 

1982 

12 

141.5 

5.2 

125 

138.8 

2.3 

51 

130.1 

3.6 

152 

100.9 

1.0 

93 

102.4 

0.9 

463 

1983 

1 

138.2 

4.6 

81 

137.5 

3.6 

100 

128.8 

3.8 

130 

100.2 

0.9 

61 

101.9 

1.0 

455 

1983 

2 

140.5 

4.3 

65 

137.5 

2.0 

71 

127.4 

3.9 

122 

101.8 

1.2 

97 

102.4 

1.3 

314 

1983 

3 

141.9 

3.5 

122 

141.6 

3.4 

87 

125.4 

3.0 

122 

102.9 

1.1 

88 

103.2 

0.7 

452 

1983 

4 

145.1 

4.1 

89 

143.1 

3.8 

96 

130.4 

3.1 

133 

103.5 

1.2 

101 

103.8 

0.9 

354 

1983 

5 

150.1 

5.5 

106 

141.7 

2.5 

91 

129.0 

2.2 

126 

104.7 

1.2 

119 

104.8 

0.9 

310 

1983 

6 

146.4 

6.2 

96 

141.3 

2.2 

107 

128,4 

3.7 

132 

105.9 

1.1 

106 

105.4 

0.7 

374 

1983 

7 

142.4 

3.0 

65 

139.4 

1.7 

86 

130.3 

5.2 

123 

106.5 

l.l 

122 

106.6 

0.9 

353 

1983 

8 

142.3 

3.3 

80 

137.1 

3.2 

93 

129.7 

6.0 

126 

106.8 

1.0 

125 

107.4 

0.9 

387 

1983 

9 

139.3 

3.7 

97 

137.0 

3.4 

342 

126.9 

4.3 

103 

108.2 

1.0 

116 

107.3 

0.9 

372 

1983 

10 

141.9 

4.6 

119 

140.5 

2.3 

228 

124.7 

4.3 

90 

107.6 

1.0 

117 

107.6 

0.7 

419 

1983 

11 

146.1 

4.9 

78 

142.8 

2.6 

267 

125.5 

5.2 

123 

106.6 

1.3 

84 

107.4 

0.7 

384 

1983 

12 

147.1 

4.6 

107 

147.8 

3.2 

233 

132.1 

4.1 

123 

109.1 

1.8 

122 

106.5 

0.8 

459 

1984 

1 




144.3 

0.6 

24 

132.6 

2.5 

129 

111.6 

2.4 

114 

105.9 

0.7 

397 

1984 

2 




148.0 

2.6 

341 

132.3 

3.4 

124 

112.7 

2.5 

106 

105.6 

0.5 

357 

1984 

3 




147.9 

2.3 

353 

135.5 

3.1 

86 

114.4 

5.5 

109 

106.3 

0.7 

417 
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TABLE I. (continued) 


Ireland Oregon Barbados Samoa Tasmania 


Year 

Month 

X 

cr 

N 

X 

a 

N 

X 

a 

N 

X 


N 

X 

a 

N 

1984 

4 




150.0 

i.i 

383 

131.6 

2.3 

93 

1 11.9 

3.6 

112 

107.0 

0.7 

345 

1984 

5 




150.3 

1.4 

345 

135.8 

3.1 

93 

109.1 

1.3 

122 

108.1 

1.0 

256 

1984 

6 




149.8 

1.6 

404 

136.5 

3.4 

96 

110.0 

0.9 

104 

109.4 

0.9 

210 

1984 

7 




146.8 

2.8 

328 

137.6 

4.9 

110 

II 1.0 

1.4 

112 

110.3 

1.1 

239 

1984 

8 




142.5 

2.4 

241 

139.6 

3.9 

117 

112.3 

1.0 

109 

111.5 

1.3 

286 

1984 

9 




143.8 

3.1 

231 

135.4 

4.9 

123 

113.2 

1.7 

114 

111.8 

0.6 

272 

1984 

10 




147.7 

2.8 

166 

134.2 

3.8 

129 

112.6 

1.4 

78 

1 12.6 

1.5 

322 

1984 

11 


... 


149.6 

2.4 

216 

132.0 

7.1 

118 

113.5 

2.4 

104 

112. 2 

1.3 

406 

1984 

12 




151.6 

2.2 

269 

139.6 

3.4 

104 

115.6 

3.0 

120 

II 1.4 

1.0 

460 

1985 

I 




155.9 

5.2 

229 

140.5 

4.3 

133 

116.5 

5.7 

119 

1 10.6 

1.3 

425 

1985 

2 




150.5 

1.9 

231 

140.8 

5.7 

107 

117.2 

2.4 

109 

110.3 

0.9 

307 

1985 

3 




152.9 

1.7 

243 

142.6 

3.2 

124 

116.4 

2.9 

III 

111.1 

1.1 

413 

1985 

4 


... 


153.7 

2.3 

267 

140.1 

3.1 

128 

115.7 

2.0 

118 

112.8 

1.2 

406 

1985 

5 




153.2 

1.4 

191 

144.0 

3.1 

143 

116.8 

2.9 

112 

113.8 

1.3 

341 

1985 

6 




152.2 

1.6 

254 

137.4 

2.5 

74 

116.5 

1.8 

116 

114.4 

1.3 

369 

1985 

7 




149.7 

3.2 

229 

144.2 

2.4 

60 

117.3 

I.I 

233 

114.6 

0.9 

286 

1985 

8 




149.1 

2.5 

175 

144.0 

4.8 

141 

117.2 

1.0 

397 

117.1 

1.3 

175 

1985 

9 




152.2 

4.9 

181 

137.5 

6.0 

113 

117.3 

0.7 

282 

118.2 

1.0 

266 

1985 

10 




154.1 

3.9 

236 

138.5 

4.1 

167 

116.9 

1.2 

195 

117.5 

0.6 

302 

1985 

11 




156.6 

3.2 

198 

138.1 

9.0 

424 

116.5 

1.6 

515 

117.1 

0.7 

243 

1985 

12 




156.8 

3.3 

99 

144.8 

4,6 

435 

118.5 

2.3 

554 

116.0 

1.0 

344 

1986 

1 




156.1 

4.1 

187 

141.9 

2.9 

372 

121.2 

4.4 

422 

114.9 

0.5 

348 

1986 

2 




156.5 

4.2 

264 

144.5 

4.1 

342 

122.5 

4.5 

393 

114.7 

0.6 

310 

1986 

3 




157.9 

2.6 

210 

145.3 

5.5 

418 

II8.6 

2.6 

317 

1 15.5 

0.8 

342 

1986 

4 




162.1 

2.1 

204 

145.8 

3.1 

460 

120.4 

3.6 

443 

118.1 

1.2 

288 

1986 

5 




162.0 

1.5 

197 

141.4 

3.8 

344 

1 19.1 

2.5 

346 

119.0 

1.1 

275 

1986 

6 




161.5 

2.3 

297 

144.6 

3.1 

270 

119.0 

1.6 

285 

120.2 

1.2 

312 

1986 

7 




153.4 

4.0 

339 

149.4 

1.8 

288 

119.5 

1.4 

316 

121.2 

1.0 

290 

1986 

8 




148.4 

5.1 

332 

146.5 

4.4 

317 

119.3 

0.9 

273 

121.6 

1.2 

307 

1986 

9 




151.4 

3.5 

307 

145.2 

4.4 

304 

120.9 

1.2 

306 

122.2 

0.6 

282 

1986 

10 


... 


159.0 

6.6 

181 

141.2 

7.4 

323 

120.0 

1.1 

347 

120.7 

0.8 

113 

1986 

11 




161.2 

2.7 

206 

137.3 

5.5 

324 

118.9 

1.3 

298 

119.2 

0.5 

158 

1986 

12 




164.0 

4.1 

168 

142.4 

4.4 

238 

119.4 

3.1 

355 

118.6 

0.7 

293 

1987 

1 




165.7 

4.0 

175 


... 


118.1 

1.2 

50 

117.8 

0.7 

324 

1987 

2 

156.8 

2.9 

57 

163.4 

3.2 

189 

145.3 

1.6 

59 




1 17.3 

0.7 

287 

1987 

3 

154.7 

4.8 

200 

161.1 

2.2 

274 

149.4 

4.6 

241 

121.7 

1.5 

157 

118.0 

1.0 

305 

1987 

4 

157.4 

2.3 

189 

164.6 

2.8 

224 

150.2 

3.0 

288 

123.5 

1.6 

321 

119.3 

1.1 

202 

1987 

5 

162.3 

3.9 

241 

164.8 

2.8 

326 

150.4 

3.3 

262 

123.1 

1.8 

337 

120.7 

1.1 

301 

1987 

6 

164.4 

3.0 

310 

169.3 

4.0 

273 

150.5 

2.4 

53 

123.5 

0.9 

316 

122.1 

.0.9. , 

274 

1987 

7 

162.3 

3.3 

289 

163.6 

2.2 

295 

151.3 

3.4 

264 

124.2 

0.8 

364 




1987 

8 

159.3 

2.1 

295 

158.6 

3.1 

299 

151.2 

5.4 

327 

125.3 

0.9 

369 

124.8 

1.0 

151 

1987 

9 

159.0 

1.8 

300 

162.1 

4.4 

236 

147.7 

6.9 

319 

125.3 

0.7 

343 

124.6 

0.5 

281 

1987 

10 

164.3 

2.7 

224 

173.8 

7.7 

233 

144.9 

7.6 

325 

125.5 

0.6 

91 

125.0 

0.7 

259 

1987 

11 

167.5 

4.6 

240 

170.3 

3.6 

228 

144.8 

6.4 

231 

126.3 

1.3 

340 

124.5 

0.7 

282 

1987 

12 

166.4 

4.3 

145 

173.3 

3.9 

207 

148.1 

3.2 

343 

127.4 

2.7 

314 

123.9 

0.6 

334 

1988 

1 

166.9 

4.2 

207 

172.0 

3.8 

251 

152.0 

2.4 

313 

128.9 

4.3 

214 

123.4 

0.6 

251 

1988 

2 

168.6 

3.8 

247 

172.3 

4.3 

224 

154.5 

3.5 

320 

130.9 

2.4 

37 

122.6 

0.4 

324 

1988 

3 

168.6 

5.4 

305 

172.9 

4.2 

262 

156.1 

4.6 

321 

131.1 

5.8 

349 

123.3 

1.1 

265 

1988 

4 

173.3 

3.8 

180 

174.7 

2.3 

282 

153.2 

3.9 

317 

134.4 

4.4 

318 

124.5 

1.2 

60 

1988 

5 

175.3 

2.5 

213 

175.1 

1.9 

119 

157.4 

3.6 

356 

129.4 

2.5 

159 

128.0 

2.7 

58 

1988 

6 

175.3 

3.1 

181 

175.3 

2.2 

310 

156.6 

4.1 

203 

132.5 

7.3 

280 

128.6 

1.4 

264 

1988 

7 

174.0 

1.8 

220 

172.0 

4.1 

168 


... 


131.0 

0.9 

298 

129.4 

1.2 

274 

1988 

8 

167.3 

2.3 

67 

165.7 

2.3 

245 


... 


132.0 

1.0 

365 

130.2 

1.0 

196 

1988 

9 

169.0 

3.8 

337 

168.4 

4.4 

252 

153.5 

6.4 

318 

132.7 

1.4 

229 

130.5 

0.8 

253 

1988 

10 

174.6 

3.9 

168 

170.1 

3.0 

239 

144.5 

5.6 

73 

132.7 

1.6 

327 

130.6 

0.5 

325 

1988 

11 

173.6 

2.7 

126 

171.9 

1.7 

243 

154.2 

6.4 

310 

132.7 

1.7 

253 

129.9 

0.6 

286 

1988 

12 

173.9 

4.2 

284 

175.5 

3.6 

244 

158.8 

4.0 

343 

133.5 

3.0 

346 

128.8 

0.8 

253 

1989 

1 

170.2 

3.5 

282 

170.4 

3.0 

319 

157.7 

3.3 

343 

136.1 

2.9 

353 

128.0 

0.6 

309 

1989 

2 

173.4 

3.7 

264 

174.0 

4.1 

182 

157.8 

2.2 

109 

137. 1 

1.9 

303 

128.2 

0.6 

247 

1989 

3 

172.7 

4.1 

88 

172.2 

2.4 

271 

159.7 

4.5 

215 

137.8 

2.8 

72 

129.1 

0.8 

311 

1989 

4 

179.1 

2.4 

209 

177.2 

5.2 

289 

160.8 

4.4 

301 

135.1 

1.5 

166 

130.5 

1.2 

243 

1989 

5 

179.8 

6.5 

242 

176.5 

2.2 

351 

161.0 

2.9 

300 

135.6 

2.6 

340 

131.5 

1.0 

258 

1989 

6 

178.6 

2.9 

256 

176.1 

2.0 

292 

161.1 

5.5 

250 

133.7 

1.0 

337 

132.6 

1.7 

271 

1989 

7 

176.7 

2.9 

203 




163.8 

4.1 

300 




133.6 

1.2 

261 

1989 

8 

174.7 

2.7 

323 


... 


159.7 

6.4 

349 




134.2 

0.9 

294 

1989 

9 

175.4 

1.2 

40 


... 


153.9 

8.0 

301 




134.8 

1.0 

255 

1989 

10 

176.9 

2.5 

145 


... 


153.7 

5.8 

318 


... 


134.5 

0.7 

228 

1989 

11 

178.5 

3.6 

117 




159.9 

4.6 

278 


... 


133.8 

0.5 

241 

1989 

12 

182.3 

3.3 

83 




160.3 

3.1 

309 




133.8 

0.9 

279 

1990 

1 

179.7 

4.6 

232 




165.2 

3.1 

328 




132.7 

0.6 

322 

1990 

2 

181.8 

3.2 

168 


... 


164.5 

6.2 

256 




132.8 

0.6 

259 
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TABLE 1. (continued) 


Year 

Month 

Ireland 


Oregon 

Barbados 


Samoa 

Tasmania 

X 

cr 

N 

X <j N 

X 

cr 

N 

X a N 

X 

u 

1990 

3 

180.6 

4.3 

198 






132.8 

0.9 

1990 

4 

181.3 

3.3 

240 


164.3 

2.6 

272 


133.9 

1.1 

1990 

5 

185.2 

3.5 

160 


166.8 

3.4 

228 




1990 

6 

187.2 

5.5 

319 

... 

167.9 

2.9 

223 

... 

135.6 

1.2 


Units are parts per trillion by number. For Oregon (beginning September 1983), Barbados (beginning August 1985), Samoa (beginning 
1985), and Tasmania (beginning July 1981) the ALE (HP5840) and GAGE (HP5880) monthly data are combined by weighting equally l 
and GAGE monthly means to determine x and ALE and GAGE individual measurements to determine cr. The calibration fa 
£ = 0.80 is included here. Data excludes “pollution events.” 


of monthly anomalies. The largest autocorrelation, 0.68 at 
Tasmania, is consistent with the above suggestion of a 
near-homogeneous distribution of methyl chloroform; 
monthly anomalies would tend to persist in such an environ- 
ment. Time series of Scr, the monthly anomalies of intra- 
nibnthly standard deviation, exhibit less autocorrelation 
(generally between 0.3 and 0.5) than the .series of SR. The 
largest Scr autocorrelation, 0.65, is again found at Tasmania. 

The Southern Oscillation is a vast fluctuation of the 
coupled ocean-atmosphere system involving the entire trop- 
ical Pacific [Rasmusson and Wallace, 1983], Profound inter- 
annual circulation changes in the tropical atmosphere occur 
in conjunction with the SO. To monitor these changes, the 
NMC formulates and publishes indices of the tropical circu- 
lation that have been shown empirically to provide useful 
descriptions of the state of the SO [Chelliah, 1990]. The 
indices are derived from observed monthly mean near- 
equatorial pressure, zonal wind, and outgoing longwave 
radiation (a proxy for large-scale convection). We will show 
results based on just one of the indices, denoted U8C. This 
index is derived from the monthly mean analyses of 850 
mbar zonal wind averaged over the area bounded by 5°N, 
5°S, 175°W, and 140°W which lies just to the north of Samoa. 
A positive U8C index denotes an easterly anomaly. Because 
the indices (and circulation anomalies represented by them) 
are mutually correlated, for our purposes the U8C index can 
be interpreted as a general index of the SO. 

“Cold” (La Nina) and “warm” (El Nino) event years are 
conveniently defined by calculating annual averages of U8C 
for 12-month periods starting each July and ending the 
following June. Years with annually averaged U8C < -0.75 
are defined as warm SO events; two such years, 1982/1983 
and 1986/1987, meet this criterion. Similarly, 1983/1984, 
1984/1985, 1985/1986, and 1988/1989 are defined as cold (La 


Nina) events with annually averaged U8C > 0.75. 
residuals and autocorrelations for all years at Samoa 
shown in Figure 3, but because averaging all of the ye 
together masks the SO effect, we also show in Figure 3 
residuals and autocorrelations separately for the warm ev 
(specifically July 1982-June 1983 and July 1986-June 19 
and cold event (specifically July 1983-June 1986 and J 
1988-June 1989) periods. The difference in phases i 
structure of the annual cycles associated with the two . 
extrema are very evident. The climatological (12-year av 
age) seasonal cycles of R and a in Figure 3 include a brc 
boreal winter-spring maximum for R and cr and summ 
autumn maximum for R and minimum for cr. The cold ev< 
composites for R and a are both slight amplifications of t 
climatological (12-year average) cycle. During warm evei 
the winter-spring maximum for R and cr disappears, so tl 
the phase of the annual cycle of R reverses and the intr 
monthly standard deviation cr has practically no seasonalit 
remaining at a low level (just above 1 ppt) throughout t 
year. 

Correlations r(U8C) between the SR and Scr series and t 
U8C index are shown in the right-hand column of Table 
To ascertain the significance of r(U8C), the autocorrelatic 
statistics are used to calculate the degrees of freedo 
present in each SR and Scr series [Leith, 1973]. Assuming 
first-order Markov process to model the decay of autocorr 
lation with lag, we estimate the effective time betwec 
independent samples in each time series and derive a 5' 
nonzero significance threshold for r(U8C). This is not 
rigorous significance test because an a priori t test is beir 
applied a posteriori to the correlations (i.e. , it is expected b 
chance that 5% of the calculated values of r(U8C) wi 
exceed the 5% significance threshold), but the test sti 
serves as a useful standard. 


TABLE 2. Optimally Determined Coefficients (With l<r Uncertainties) in Empirical Model (Equation (2)) Fit to Data in Table 1 


Site 



6,76 

</;/12 

Cl 

* 1 

Pi 

9/ 


Adrigole/MaceHead, Ireland* 

148.0 ± 

0.4 

5.8 ± 0.1 

-0.15 ± 0.08 

0.8 ± 0.2 

-1.6 ± 0.2 

0.8 ± 0.5 

-0.2 ± 

0.5 

Cape Mcares, Oregont 

147.7 ± 

0.2 

5.7 ± 0.1 

0.11 ± 0.05 

-1.4 ± 0.2 

-2.6 ± 0.2 

0.5 ± 0.3 

-0.2 ± 

0.2 

Ireland plus Oregon* 

147.5 ± 

0.2 

5.8 ± 0.1 

-0.08 ± 0.03 

-0.4 ± 0.2 

-2.2 ± 0.2 

0.5 ± 0.3 

-0.3 ± 

0.1 

Ragged Point, Barbados* 

133.0 ± 

0.2 

5.6 ± 0.1 

-0.26 ± 0.04 

1.2 ± 0.2 

-2.1 ± 0.2 

0.5 ± 0.2 

-0.6 ± 

0.2 

Point Matatula, Samoat 

109.8 ± 

0.5 

5.3 ± 0.2 

-0.36 ±0.11 

-0.2 ± 0.2 

-0.5 ± 0.2 

0.3 ± 0.4 

0.5 ± 

0.4 

Cape Grim, Tasmania* 

107.5 ± 

0.3 

5.3 ± 0.1 

-0.43 ± 0.06 

0.8 ± 0.2 

1.3 ± 0.2 

0.2 ± 0.3 

-0.2 ± 

0.3 


The mean concentration for the 12-year time interval 1978-1990 is given by a it the mean trend by 6,76, and the mean rate of change o 
the trend by c/,/12. Units are parts per trillion (ppt) for a,, p h c,, and s,, ppt/yr for £>,76, and ppt/yr 2 for c/,7 12. 

•July 1978 to June 1990. 
tMarch 1980 to June 1989. 
tJuly 1978 to June 1989. 
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Fig. 2. For the Ireland, Oregon, Barbados, and Tasmania ALE/GAGE stations we show (a) 12-year average of 
monthly mean residuals R, its standard deviation (thin vertical bars) and its standard error (thick vertical bars) with 
parts per trillion (ppt) units; (b) autocorrelation coefficient A(f) for time lags of / months with a repeat cycle being 
significant if A(r) lies outside the limits shown by horizontal lines. 
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Fig. 3. For the Samoa station we show (a) average of monthly 
mean residuals (parts per trillion (ppt)) over ENSO warm event and 
cold event years and over all years; error bars as in Figure 3. ( b ) 
average of standard deviation of monthly means (ppt) over ENSO 
warm and cold event years and over all years; and (c) autocorrela- 
tion coefficients as in Figure 3 computed for ENSO event years and 
all years. 


The correlation between SR at Samoa and U8C is 0.54, 
satisfying the 5% nonzero significance threshold criterion. 
The strong correlation is also quite evident in the actual time 
series for SR (Samoa) and U8C shown together in Figure 4. 
Correlations at Samoa with other SO indices not shown in 
Table 3 also exceed 0.4. The sign of the correlations indi- 
cates that positive anomalies of SR are associated with 
easterly zonal wind anomalies at 850 mbar in the central 
equatorial Pacific (i.e., strong trade winds), westerly zonal 
wind anomalies aloft, and depressed large-scale convection 
along the equator near the date line. The opposite relation- 
ships are also implied: negative SR anomalies are associated 
with weak trades, easterly anomalies aloft, and enhanced 
equatorial convection. Thus positive (negative) anomalies of 
methyl chloroform at Samoa are associated with cold (warm) 
SO conditions. The Scr series at Samoa is also positively 
correlated with U8C, although this correlation is smaller 


TABLE 3. Standard Deviations s (Units Parts Per Trilli 
and 1 -Month Lag Autocorrelations a(l) of Monthly Met 
SR and Scr at Each Site 



s 

a(l) 

r(U8C; 

Ireland 

SR 

2.2 

0.63 

0.14 (0. 

5a 

1.2 

0.52 


Oregon 

SR 

2.1 


0.14(0.: 

5a 

1.1 

0.31 

-0.18 (0.: 

Barbados 

SR 

2.1 

0.18 


da 

1.2 



Samoa 

SR 

1.8 

0.62 

0.54 (0.3 

da 


0.36 

0.31 (0.: 

Tasmania 

SR 


0.68 

-0.06 (0.3 

da 

■■ 

0.65 

-0.01 (0.3 


See text for details of the detrending algorithm used to ger 
SR and Scr. Right-hand column shows correlation coefficients a 
SR, Scr, and U8C, an index of the Southern Oscillation. The no 
5% nonzero significance threshold for r(U8C) is shown in pare 
ses; correlations exceeding this threshold are underlined. 

than that involving SR. Correlations derived from the c 
four sites are insignificant. 

To explain the S0-CH 3 CC1 3 relationship, we propose 
fluctuations of the large-scale zonal wind field across 
near-equatorial Pacific strongly modulate the cr 
equatorial transport of CH 3 CC1 3 . Throughout the year 
zonally averaged westerly zonal winds in both hemisph 
are separated by a band of zonally averaged easterlies 
the equator [Newell et al., 1972], forming a critical line 
inhibits cross-equatorial propagation of large-scale Ro: 
waves, which account for much of the eddy activity (and 
suggest, the transports of trace gases as well) in the tr< 
sphere [Holton, 1979]. Across the central and eastern 
cific, however, the climatological upper tropospheric z> 
winds are westerly during the boreal winter and sp 
[Newell et al., 1972], forming a “westerly duct” porous t> 
but the largest scale waves [Webster and Holton, 1982] 

Fluctuations of the SO are associated with profo 
circulation changes across the Pacific. Cold events 
characterized by enhanced easterly trade winds near 
surface and enhanced westerly winds in the upper trc 
sphere with anomalies typically reaching extreme val 
during the boreal winter, thereby facilitating cross-equato 
propagation of waves through the westeriy duct [Web: 
and Holton, 1982], Enhanced high-frequency (intramontl 
eddy activity is also observed during these periods [At 
and Webster, 1985]. Warm event conditions are associa 
with anomalies of winds and eddy eneigy of the oppo: 
signs; during strong SO warm events the westerlies aloft 
dramatically restricted [Arkin, 1982] and the westerly d> 
effectively closes. 

Samoa is located just to the south of the equatorial Pac 
westerly duct. Fluctuations of SR and Scr at Samoa i 
consistent with this dynamical picture, considering t' 
nearly all of the CH 3 CC1 3 reaching Samoa originates in » 
northern hemisphere: increased (decreased) mean transpo 
and intramonthly variance occur during cold (warm) : 
events, corresponding to positive (negative) values of Uf 

Thus the climatological boreal winter maximum 
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Year 

Fig. 4. Monthly methyl chloroform concentration anomalies SR (parts per trillion (ppt)) at Samoa and monthly values 

of the ENSO index U8C over the period 1978-1990. 


CH 3 CCI 3 and its intramonthly variability at Samoa appear to 
result from the seasonal maximum in tropospheric cross- 
equatorial transport from the northern hemisphere. During 
cold event years this transport is enhanced. During warm 
event years the westerly duct is effectively closed and 
transport from the northern hemisphere is significantly di- 
minished. During these periods, chemical destruction pro- 
cesses can assume a larger roie in modulating month-to- 
month fluctuations of CH 3 CCI 3 concentration at Samoa. 
Specifically, the chemical sink (reaction, equation ( 1 )) would 
tend to yield a decrease during December-February in 
CH 3 CCI 3 mixing ratios (as observed in Samoa in warm event 
years and in all years in Tasmania). This is because humidity, 
ozone concentrations, and ultraviolet fluxes (and thus OH 
concentrations) as well as temperatures (and thus the rate 
constant for the reaction in ( 1 )) are both expected to maximize 
in this time period. The warm event years are characterized by 
higher than normal (by ~1°C) surface temperatures and thus 
presumably higher than normal absolute humidities, in the 
vicinity of Samoa [Bottomley et al., 1990J. These conditions 
would both tend to increase the influence of the chemical sink 
at Samoa. Note also that during extreme warm events the 
mixing ratios of CH 3 CCI 3 at Samoa and Tasmania are almost 
identical, indicating a remarkably homogeneous distribution of 
CH 3 CCI 3 in the South Pacific at these times. 

4. Inverse Problems 

To interpret the CH 3 CCI 3 measurements in terms of 
surface emissions, atmospheric circulation, and atmospheric 


destruction, we utilize an optimal estimation inversion tech- 
nique [Cunnold et al., 1983, 1986]. The technique includes 
the use of a two-dimensional model of the global atmosphere 
consisting of eight tropospheric boxes (or grid points) and 
four upper atmospheric boxes. The four lower tropospheric 
boxes (or grid points) are intended to provide predictions for 
comparing with the ALE/GAGE stations in the four semi- 
hemispheres. Mean inverse advective times ( V ik ) and eddy 
diffusive times (r tt ) in the model vary seasonally and are 
specified from meteorological observations and an optimal fit 
to global ALE/GAGE data for CFCI 3 [Cunnold et al., 1986; 
Prinn et al., 1990]. 

The 12-month running means for the lower tropospheric 
mixing ratios * 1 , * 3 , Xs> and Xi predicted in this model are 
used to compare with monthly mean ALE/GAGE observa- 
tions rather than the monthly mean model mixing ratios. 
This is because this box model is not capable of accurately 
simulating oscillations associated with the measurement 
technique (e.g., periodic renewal of on-site calibration tanks) 
or natural meteorological oscillations (e.g., weather pat- 
terns, SO, etc.). To account in a statistical way for these 
unsimulated oscillations, the model output is augmented by 
two empirical statistical models that are designed to describe 
the spectrum of the differences (residuals) between the 
observations and the 12 -month running mean model predic- 
tions [ Cunnold et al., 1986]. Lower frequencies in this 
spectrum were fitted with a first-order autoregressive model 
common to all sites with a correlation of 0.5 after 1 month 
(see Figures 2 and 3 for correlations); higher frequencies 
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were modeled by assuming that the spectra at each site were 
the same as those found in the residuals between the 
observations and the empirical model fit to the observations 
described earlier ( 2 ). 

The optimal estimation scheme produces a best guess of 
the unknown y, (contained in vector y) and their errors a, 
based on minimizing the squares of the deviations between 
the logarithms of the observed (vector jr) and model- 
calculated (vector x c ) monthly mean mixing ratios at each 
ALE/GAGE site. The vector y is updated with each new 
month of data using 

Ay = CP'IPCP' + N] ~\x - x c ) (3) 

where P (transpose P') is a matrix of the partial derivatives 
of the elements of x c (the model predictions) with respect to 
the elements of y (the unknowns), N is a diagonal matrix 
whose nonzero elements are the squares of the standard 
errors in the elements of x (i.e., the standard deviations in 
the monthly observations), and C is a matrix whose diagonal 
elements are the variance (i.e., or}) of the elements of y (the 
unknowns) based on an objective combination of a priori 
estimates of the uncertainties in the unknowns and the 
uncertainties in the measurements. The matrices P and C are 
updated during the inversion process as described by Cun- 
nold et al. [1983]. Estimates of unknowns y, and errors a, 
can be obtained with each ALE/GAGE station data alone or 
all station data sets simultaneously. 

We have interpreted the ALE/GAGE measurements in 
two different ways. First, using these measurements and 
industrial CH 3 CCI 3 surface emissions estimates, we calcu- 
late the CH 3 CCI 3 tropospheric lifetime r (or equivalently a 
weighted average OH radical concentration) and its temporal 
trend over the 12 years of the experiment. Second, we 
specify the tropospheric lifetime t and then we calculate the 
total annual global CH 3 CCI 3 emission for each ALE/GAGE 
year using the measurements. In the latter case, the fractions 
assumed emitted into each semihemisphere are equated to 
their fractions in the industrial emission estimates. 

4. 1 . Lifetimes and Hydroxyl Radical Concentrations 

Accurate determination of the CH 3 CCI 3 atmospheric life- 
time requires accurate estimates of its industrial emissions 
over the globe. Prinn et al. [1987] presented their estimates 
of emissions and their uncertainties for the period 1951-1985 
based on the then best available industry data. Midgley 
[1989] has recently reported the results of a more extensive 
industry-led effort to gather the sales data needed to deter- 
mine these emissions. 

In this paper we compute 1970-1990 emissions from the 
sales estimates of Midgley [1989] for 1970-1988, P. Midgley 
(private communication, 1991) for 1989, and assume 1990 
sales equal the sum of the 1989 sales and the difference 
between the 1989 and 1988 sales. All sale numbers are first 
adjusted for the combined effects of manufacturing losses, 
incineration, and incarceration by multiplying them by <f> m 
0.99 ± 0.006 based on industry information [Midgley, 1989]. 
For 1981-1990, emissions are computed from adjusted sales 
assuming time delays of 0.25 years for sales for solvent end 
uses and 0.75 years for sales for other end uses [Midgley, 
1989]. For 1970-1980 we take into account these time delays 
by assuming that the fraction a of total annual sales held in 
user inventories for release in the following year equals 0.006 


± 0.013 which is the average value of a for 1981-1 
Combining the uncertainties in sales of ±2.1% [Midi 
1989] with those given above for <j> and a, we deduc 
uncertainty in each annual emission estimate for 1970- 
of ±2.2% (I cr). Additional emission scenarios with maxir 
and minimum trends over the relevant 12 years of A 
GAGE (1978-1990) are computed by constraining them t 
within the 2 a limits for each annual emission estim 
Finally, for the years 1950-1969 the previous emis 
estimates by Prinn et al. [1987] are used. These emiss 
are input into the four lower tropospheric boxes in our mi 
using estimates of emissions by latitude from Midgley [1! 

P. Midgley, private communication, 1991] for 1980-1! 
and Prinn et al. [1987] for 1950-1979. All of the emiss 
related data used in this paper are summarized in Table 

In the 1970-1985 time period where the estimates over 
the Table 4 estimates generally lie between 1 and 2a of 
Prinn et al. [1987] estimates, and the 16-year total emissi 
in the two studies differ by only 1.7%. However, the tre 
in the emissions in the two estimates are quite different \ 
the Prinn et al. [1987] estimates being consistently lai 
than the Table 4 estimates for 1970-1976 and consistei 
smaller for 1980-1985. As noted in Prinn et al. [19! 
estimates of the lifetime of CH 3 CCI 3 based on fitting 
trends in its concentration are quite sensitive to uncertain 
in the trends in the emissions, so .hat we expect the Tab 
emission estimates to yield a significantly different lifeti 
computed from fitting the CH 3 CCI 3 trends than the ear 
Prinn et al. [1987] emission estimates. The other two me 
ods we use for computing lifetimes which focus on fitting 
global CH 3 CCI 3 content and latitudinal gradient are 
significantly altered by the differences between these t 
emission scenarios. 

As shown by Prinn et al. [1987], the chemical lifetime 
methyl chloroform in the upper atmospheric box is taken 
6 years based on the three-dimensional model of Goloml 
and Prinn [1986]. Because only about 11% of the tc 
CH 3 CCI 3 destruction occurs in the upper atmospheric be 
the assumed lifetime in this box is not critical. The lifetime 
in the ith tropospheric box is assumed to be given by 

t,-' = *,A[OH]f ( 

where k, is the temperature-dependent rate constant [L 
More et al., 1990] for the reaction in (1) in the box i, [OF 
is a theoretical estimate of the OH concentration in the b 
[Logan et al., 1981; Prinn et al., 19836], and A is 
unknown dimensionless coefficient by which the theoretic 
estimates are to be multiplied to provide an optimal 
between the model and CH 3 CCI 3 observations. As noted I 
Prinn et al. [19836, 1987] the estimates of the glob 
tropospheric lifetime r (or equivalently the global weighti 
average tropospheric OH concentration) are quite inseni 
tive to the choice of [OH]*; the lifetimes and OH conce ; 
trations deduced for individual tropospheric boxes are ■ 
course proportional to [OH]*. This latter insensitivity al: 
enables a simple a posteriori adjustment of the derived 
value or OH concentrations to take account of a smt 
oceanic sink, as discussed later. 

As fully discussed by Cunnold et al. [1983, 1986], Prinn 
al. [1983, 1987], and Cunnold and Prinn [1991], we dete 
mine lifetimes based on three features of the measurement 
Our first method focuses on optimally fitting the measure 
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TABLE 4. Global Emissions Derived From Midgley [1989] and P. Midgley (Privaie 
Communication, 1990) and Percentage Emissions in Each Semihemisphere Based on 
Above References for 1980-1989 and on Prinn el al. [1987] for 1970-1979 


Global Error, 

Year Emission 20- 


Percentage Emissions 

Maximum Minimum 

Trend Trend 90 o -30°N 30M)' , N 0°-30”S 30°-90°S 


1970 

153 

7 

153 

153 

97.5 

1.0 

0.4 

1.1 

1971 

173 

8 

173 

173 

97.3 

i.I 

0.4 

1.2 

1972 

224 

10 

224 

224 

97.2 

1.2 

0.4 

1.2 

1973 

276 

12 

276 

276 

97.1 

1.2 

0.4 

1.3 

1974 

311 

14 

311 

311 

97.0 

1.3 

0.4 

1.3 

1975 

304 

13 

304 

304 

96.8 

1.3 

0.5 

1.4 

1976 

402 

18 

402 

402 

96.7 

1.4 

0.5 

1.4 

1977 

475 

21 

475 

475 

96.6 

1.4 

0.5 

1.5 

1978 

518 

23 

495 

541 

96.3 

1.4 

0.6 

1.7 

1979 

501 

22 

482 

520 

95.7 

1.6 

0.9 

1.8 

1980 

546 

24 

531 

561 

94.0 

1.6 

1.5 

2.9 

1981 

544 

24 

532 

556 

94.2 

2.0 

1.3 

2.5 

1982 

518 

23 

510 

526 

93.9 

2.1 

1.4 

2.6 

1983 

530 

23 

526 

534 

94.4 

2.0 

1.3 

2.3 

1984 

579 

25 

579 

579 

93.6 

2.7 

1.5 

2.2 

1985 

587 

26 

591 

583 

93.5 

2.7 

1.5 

2.3 

1986 

596 

26 

604 

588 

91.6 

3.9 

1.8 

2.7 

1987 

617 

27 

629 

605 

91.2 

4.9 

1.5 

2.4 

1988 

659 

29 

674 

644 

90.3 

5.9 

1.5 

2.3 

1989 

701 

31 

720 

682 

91.3 

5.2 

1.4 

2.1 

1990 

743 

33 

766 

720 

91.3 

5.2 

1.4 

2.1 


Also shown are global emissions with maximum and minimum trends consistent with the 2o errors 
for 1978—1990 (see text). All 1990 values are extrapolations from available data. Emission units are 10 9 
gm yr _l . 


fractional trends in CH 3 CC1 j (“trend” method). In Table 5 
we show the estimates of 1 /t using this method that are 
obtained with each station data set alone (Adrigole, Ireland, 
and Cape Meares, Oregon, data are combined for this 
purpose) and all data sets simultaneously. The trend method 
also provides an estimate of the calibration factor f = 0.77 
consistent with the ALE/GAGE f = 0.8 ± 0.08. A calibra- 
tion factor f = 0.56 (Y. Makide, private communication, 
1991) yields a much poorer fit to the data (also see Cunnold 
and Prinn {1991]). Our two other methods focus on optimally 
fitting the measured global content of CH 3 CC1 3 (“content” 


method) and the measured concentrations at individual 
stations relative to the global average (“gradient” method). 
Estimates of 1/t based on these two methods are also 
provided in Table 5. 

4.2. Trends in Hydroxyl Radical 

With 12 years of ALE/GAGE CH 3 CC1 3 data in hand it is 
of considerable interest to address the' possibility of a 
temporal trend in OH. For this purpose we first compute the 
CH 3 CC1 3 lifetime and weighted global average OH concen- 


TABLE 5. Tropospheric Lifetime Estimates for Melhylchloroform Derived From Trends in 
ALE/GAGE Data at Each Site and for All Sites Combined 


Case 

Reciprocal 
Lifetime, year" 1 

Lifetime, 

years 

Weight Given to 
Site in Optimal 
Estimation of 
Lifetime 

Ireland and Oregon 

0.222 ±0.011 

4.5 

0.27 

Ragged Point, Barbados 

0.219 ± 0.013 

4.6 

0.22 

Point Matatula, Samoa 

0.191 ± 0.014 

5.2 

0.19 

Cape Grim, Tasmania 

0.201 ± 0.010 

5.0 

0.32 

AH sites from trend 

0.210 ± 0.006 

4.8 


AH sites from trend, with emission trend 
uncertainty included 

0.210^0 022 

4.8 


Global atmospheric content, with emission and 
calibration uncertainty included 

0.164 ± 0.031 

6.1 


Latitudinal gradient 

0.166 ± 0.030 

6.0 


Annualized content 

0.167 ± 0.011 

6.0 


Variable lifetime 

0.169 ± 0.025 

5.9 


Best estimate 

0.175 ± 0.020 

5.7 



Uncertainties are Icrand include allowance for potential biases of the time series inferred from the 
variance of the individual site lifetime estimates. Also given are lifetimes derived from the global 
atmospheric content and from the latitudinal gradient. All results assume a stratospheric lifetime of 6 
years. The annualized content and variable lifetime cases allow the lifetime to vary over time. 
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TABLE 6. Estimates of CH3CCI3 Tropospheric Lifetime (Years) and Global Average 
Tropospheric OH Concentrations (10 s radical cm -3 ) Deduced From ALE/GAGE 
Measurements and Emission Estimates (10 9 gm yr _l ) of Table 4 in the Indicated Years 

Emissions, ALE/GAGE 


Year 

Lifetime 

OH 

Concentration 

Emissions, 
Table 4 

r = 5.6 Years 

t = 5.9 Years 

1979 

6.7 


0.5 

7.4 

■jr 

0.5 

501 ± 

22 

552 


13 

536 

± 13 

1980 

6.2 


0.4 

8.0 

+ 

0.5 

546 ± 

24 

577 


16 

559 

± 16 

1981 

5.6 


0.2 

8.8 

+ 

0.3 

544 ± 

24 

544 

Hh 

6 

525 

± 6 

1982 

6.2 

Hh 

0.3 

8.0 

jh 

0.4 

518 ± 

23 

556 

± 

17 

536 

± 17 

1983 

6.4 


0.3 

7.7 

+ 

0.3 

530 ± 

23 

583 


13 

562 

± 13 

1984 

6.0 


0.3 

8.2 


0.4 

579 * 

25 

609 


11 

587 

± 12 

1985 

5.9 


0.2 

8.4 


0.3 

587 ± 

26 

608 


11 

586 

± 11 

1986 

5.6 


0.2 

8.8 


0.3 

596 ± 

26 

595 


9 

572 

± 9 

1987 

6.4 


0.3 

7.7 


0.4 

617 ± 

27 

672 


14 

648 

± 14 

1988 

5.8 


0.2 

8.5 

± 

0.3 

659 ± 

29 

671 


6 

646 

± 6 

1989 

5.4 

+ 

0.3 

9.1 


0.5 

701 ± 

31 

676 


23 

650 

± 23 


Also shown are emissions (10 9 gm yr ’) estimated from ALE/GAGE measurements assuming 
constant tropospheric lifetimes r of either 5.6 or 5.9 years. Uncertainties are Itr. 


tration using the content method but now considering each 
year individually and utilizing the 12-month running mean 
ALE/GAGE observations (since the network is too sparse to 
define the global trend in any single year). We use the Table 
4 emission estimates for the best guess, maximum trend, and 
minimum trend scenarios. The results from this method 
designated the “annualized content” method are summa- 
rized in Tables 5 and 6. From these annual numbers we 
deduce a statistically significant positive linear trend in the 
global OH concentration of 1.0 ± 0.6% per year (lo). 

As an alternative approach we also repeated the analysis 
in section 4.1 using the full 12 years of data but now 
expressing the unknown 1/t (or equivalently A) as a linear 
function of time (i.c., 1/t = 1/t(0) + td{\h)!dt) and deducing 
the two unknowns 1/t(0) and d(llT)/dt. In this “variable 
lifetime” method the calibration factor f must be specified 
instead of estimated. The percentage trend in OH (i.e., 100 
d In (1/t)/*//) thus determined is also 1.0 ± 0.6% per year 
(lo) for £ = 0.80. Inclusion of an uncertainty in f of ±0.08 
yields a percentage trend in OH of 1.0 ± 0.8% per year (lo). 
The average (i.e., mid-1984) r value for 1979-1989 using this 
variable lifetime method is 5.9 (+ 1.0, -0.8) year (ler) includ- 
ing the stated uncertainty in £ A comparison of the predicted 
and observed CH3CCI3 concentrations for this case is given 
in Figure 5. Assuming £ = 0.56 (Y. Makide, private commu- 
nication, 1991) yields a significantly different average life- 
time (3.6 years) and OH trend (-0.7 ± 0.6% per year), but in 
this case, the root-mean-square residual between model and 
observation is 4.2% compared to 0.8% for £ = 0.80. 

Combining with equal weight the lifetime estimates based 
on the annualized content and variable lifetime methods and 
the three methods discussed in section 4.1 (Table 5), we 
obtain a best estimate of 1/t = 0.175 ± 0.020 year -1 
corresponding to a tropospheric lifetime estimate for 
CH3CCI3 of 5.7 (-0.6, +0.7) years, a value for A in (4) of 
0.743 ± 0.083, and a value for the global average OH radical 
concentration (weighted by the product of the CH3CCI3 
density and the temperature dependence (exp (- 1800/7")) of 
the reaction in (1)) of (8.7 ± 1.0) x 10 3 radical cm -3 (all 
stated uncertainties are la). For a stratospheric lifetime of 6 
years [Golombek and Prinn, 1986] the tropospheric lifetimes 
t quoted above j:an be converted to total atmospheric 
lifetimes T lot using the formula 1/t (0 , = 0.895/t + 0.018. Thus 


the best estimate tropospheric lifetime t = 5.7 (-0.6, 
years corresponds to a best estimate total atmosf 
lifetime T tot « t. Multiplying the above A value by the [ 
value in each tropospheric box in our model we obtai 
following regional values for the OH radical concentrat 
units of 10 5 radical cm -3 : 5.5 ± 0.6 (30°-90°N), 11.7 
(0°-30°N), 11.0 ± 1.2 (0°-30°S), and 6.0 ± 0.7 (30°-90 
the four lower troposphere (500-1000 mbar) boxes; ar 
± 0.6 (30°-90°N), 1 1 .2 ± 1 .3 (0°-30°N), 1 1 .7 ± 1 .3 (0 o -( 
and 6.8 ± 0.8 (30°-90°S) in the four upper troposi 
(200-500 mbar) boxes. 

The ocean, by simple dissolution followed by sinki 
depth and/or by aqueous phase chemical destruction, 
additional sink for CH3CCI3. Golombek and Prinn [ 
estimated a loss time t 0 to the ocean for CH3CCI3 of 91 
years which is very small relative to the atmosp 
CH3CCI3 sink. Later, Wine and Chameides [1989] prop 
that hydrolysis of CH3CCI3 in ocean water may be 
significant yielding a much shorter loss time to the oce; 
22-42 years. Recently, Butler et al. [1991] report 
showing subsaturation of CH3CCI3 in the mid-Pacific Oc 
and based on these data they estimate a loss time tc 
ocean of 62-134 years. To a sufficient approximation 
tropospheric OH concentrations deduced above cat 
corrected for a small oceanic sink by multiplying then 
the coefficient A) by the factor /3 = l — t/t 0 . Combininj 
estimate of t = 5.7 years from this paper with the estima 
t 0 = 85^23 years from Butler et al. [1991] yields /3 = 0.‘ 
0.02, implying the above OH concentrations are too hig 
7 ± 2%. Specifically, the weighted global average 
concentration is (8.1 ± 0.9) x 10 3 radical cm -3 (lo) inc 
ing this ocean sink. 

4.3. Emissions 

By specifying the lifetime t of CH3CCI3, an altema 
inverse problem can be solved in which the annual gU 
CH3CCI3 emissions are the unknowns. The results assun 
t is constant are shown in Table 6. The stated uncertain 
in these derived emissions do not include the uncertaint 
£ Results are shown for t = 5.6 years (the average t for 
three methods in section 4.1) and t = 5.9 years (the avei 
t for the two methods in section 4.2). In this case, i 
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Fig. 5. Model predictions of CH 3 CCI 3 concentrations (parts per 
trillion (ppt)) for t = 5.9 years and d In (1 lr)ldt = 0.01 year -1 
compared to ALE/GAGE monthly mean measurements. Error bars 
shown are standard errors taking into- account individual measure- 
ment autocorrelations. 


apparent that the trend in emissions deduced from the 
ALE/GAGE data is significantly less than that in the emis- 
sions given in Table 4 which Were deduced from industry 
data [Midgley, 1989]. This is simply another way of demon- 
strating that the industry-derived emissions imply that t is 
not constant but is slowly decreasing with time. 

4.4. Methane Lifetime and Emissions 

Methane is a chemically and radiativcly important atmo- 
spheric gas with diverse and geographically dispersed natu- 
ral and anthropogenic sources [ Cicerone and Oremland, 
1988; Quay et al., 1991]. Because the major recognized 
tropospheric sihk for methane is reaction with OH with a 
rate constant whose temperature dependence is very similar 
to that for methyl chloroform, the weighted average OH 
concentrations deduced by combining the five methods in 
sections 4. 1 and 4.2 can legitimately be used together with 
observed temperatures and methane distributions [Steele et 
al., 1987; Blake and Rowland, 1988] to calculate an average 
tropospheric lifetime for CH 4 [Prinn et al., 1987]. Using the 
rate constant for the reaction 


CH 4 + OH — > CHj + H 2 0 (5) 

recently reported by Vaghjiani and Ravishankara [1991], we 
calculate an average tropospheric lifetime (tropospheric con- 
tent divided by destruction rate due to OH) for CH 4 of 1 1 . 1 
(+1.4, -1.1) years (lcr), whereas using the earlier rate 
constant evaluation reported by DeMore et al. [1990], we 
compute a lifetime of 9.3 (+1.2, -0.8) years (lcr). The stated 
CH 4 lifetimes do include an oceanic sink of 1785 year -1 for 
CH 3 CCI 3 in deducing OH concentrations, but the stated 
uncertainties do not include the uncertainty in any of the 
relevant rate constants. 

The above CH 4 lifetime using the Vaghjiani and Ravis- 
hankara [1991] rate constant can be combined with the 
observed 1978-1990 average global atmospheric CH 4 con- 
tent M = 4.65 x 10 15 gm and the observed 1978-1990 
average CH 4 trend dMIdt = 4.5 x 10 13 gm yr -1 [Blake and 
Rowland, 1988; D. Blake and S. Rowland, private commu- 
nication, 1991 (hereinafter referred to as BR91)] to determine 
the 1978-1990 average global annual CH 4 emission E = (470 
± 50) x 10 12 gm year -1 (lcr). The emissions by each 
individual source type deduced by Cicerone and Oremland 
[1988] and Quay et al. [1991] which utilized a CH 4 lifetime of 
9.6 years [Prinn et al., 1987] can be simply renormalized to 
give this new global emission estimate. 

The positive trend in OH (section 4.2) has important 
implications for methane and for all other relatively long- 
lived trace gases which like CH 3 CCI 3 are destroyed predom- 
inantly by OH. Specifically, in a one-box atmospheric model 
the rate of change of the temporal trend of such a trace gas 
is given by 

d 2 M dE 1 (dM Md In [OH]\ 
llF~lt~^\dt' + It ) (6) 

where E is the global emission rate and the inverse lifetime 
1/r is proportional to the weighted global average OH 
concentration [OH]. From Blake and Rowland [1988; BR91] 
for the 1978-1990 time period d 2 M/dt 2 = -2.3 x 10 12 gm 
yr -2 . Using r = II. 1 year, d In [OH]/cfr = 0.01 year -1 , and 
M and dMIdt from above, we thus determine the 1978-1990 
average rate of change of the global methane emission rate 
dE/dt = 6 x 10 12 gm yr -2 . Ignoring the OH trend (i.e., d In 
[OH]/<fr = 0), we obtain dE/dt = 1 .8 x 10 12 gm yr -2 which 
is about one third of the (presumably correct) value including 
the trend. Thus we conclude that the OH trend derived from 
CH 3 CCI 3 is a major contributor to the presently observed 
(BR91) slowing of the rate of increase in atmospheric meth- 
ane (i.e., negative d 2 Mldt 2 ). ■ ... 


5. Conclusion 

We have presented a summary of high-frequency real-time 
atmospheric measurements made between 1978 and 1990 of 
the anthropogenic chemical compound 1 , 1 , 1 -trichloroethane 
(methyl chloroform, CH 3 CCI 3 ). Analysis of these data indi- 
cates that CH 3 CCI 3 is increasing at a global average rate 
over this time period of 4.4 ± 0.2% per year (lb), reaching a 
global average concentration of about 157 ppt in mid- 1990. 
Interpretation of these data has led to important new con- 
clusions relevant to atmospheric chemistry and atmospheric 
transport. 

The first set of conclusions refer to the hydroxyl radical 
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which is the major recognized oxidant in the global atmo- 
sphere and the major sink for CH 3 CC1 3 . The measured 
CH3CCI3 concentrations and trends combined with indus- 
trial emission estimates have been used in an optimal esti- 
mation inversion scheme to deduce a globally averaged 
CH3CCI3 atmospheric lifetime of 5.7 (+0.7, -0.6) years (ler) 
which is significantly less than our previous estimate [Prinn 
et al., 1987]. We derived a weighted global average tropo- 
spheric hydroxyl radical (OH) concentration of 8.7 (± 1 .0) x 
10 5 radical cm -3 (lo) which reduces to ah Estimate of 8.1 
(±0.9) x 10 5 radical cm -3 (lo) if we include an oceanic loss 
rate for CH3CCI3 of 1/85 year -1 . The fate of change of the 
weighted global average OH concentration over this time 
period is determined to be 1.0 ± 0.8% per year (lo) which 
has mtyor implications for all longer-lived species which like 
CH3CCI3 are destroyed predominantly by OH radicals. This 
positive trend in OH is evident if we Use for CH3CCI3 the 
simple One-box atmospheric model applied to CH 4 in section 
4.4. Specifically, rearranging (6) and using the 1978-1990 
mean dE/dt from Table 4, the 1978-1990 mean M, dMIdt, 
and d 2 Mldt 1 deduced from a t , bj/6 and d t ! 12 in Table 2, 
and the average of the r values obtained by the variable 
lifetime and annualized content methods in Table 5, we 
obtain 


100 


d In [OH] 
dt 


t dE t d 2 M 

= 100 3- 

,M dt M dt 2 


d In M 
dt 


= 3.9+ 1.4 -4.4 = 0.9% yr 


-( 


(7) 


Note also that an average upward drift in calibration or an 
average overestimate in the industrial emission trend would 
need to be as large as 1% per year for 12 years to negate this 
deduced positive trend. 

While we caution that this deduced rate of change assumes 
that current industry estimates of anthropogenic emissions 
and our absolute calibration of CH3CCI3 are very accurate, 
there are theoretical reasons to expect a positive trend for 
OH in the tropical lower troposphere which is the region 
strongly weighted in the quoted global average. First, the 
sensitivity of OH to NO, levels above 100 ppt [Liu et al., 
1988] combined with the 2-3% per year growth in (largely 
urban) population in tropical countries [World Resources 
Institute, 1990] should be resulting in increasing tropical 
urban OH levels. Second, Keller et al. [1991] compute a 
significant increase (e.g., a factor of 6 for the dry season) in 
predicted local OH concentrations when natural tropical 
forest is replaced by cultivated areas with much higher NO, 
levels. Tropical deforestation is currently proceeding at a 
rate of about 0.6-1 .3% per year [World Resources Institute, 
1990]. Third, these local effects could be exported since 
Fishman et al. [1991] have provided observational evidence 
that tropical biomass burning (a major land clearing mecha- 
nism) yields elevated ozone levels (and thus presumably OH 
levels) over an area of the tropics and southern subtropics 
very much larger than the areas being burned. Finally, as 
discussed in section 3.3, a general warming of the tropics as 
may be occurring [e.g., Angell, 1988] could (in the absence 
of negating cloud cover changes) lead to a greater CH3CCI3 
destruction rate and a positive OH trend.. These factors 
combined make a 1% per year increase in OH in the tropical 
lower troposphere at least a theoretically feasible result. 

The second set of conclusions refer to the processes which 


determine interhemispheric transport and its interar 
variations. The CH3CCI3 measurements at our tro 
South Pacific station (Samoa) show remarkable sensitivi 
the El Nino-Southern Oscillation (ENSO) which we attri 
to modulation of cross-equatorial transport during the n 
em hemisphere winter by the interannually variable u 
tropospheric zonal winds in the equatorial Pacific ref 
Specifically, during the mature phase of ENSO warm e 
years the December-May tropical Pacific upper tropospl 
westerlies across the central and eastern equatorial Pa 
are significantly reduced or reversed thereby inhib 
cross-equatorial propagation of Rossby waves, and thu: 
propose cross-equatorial transport in general. It is signifi 
that high-frequency surface measurements of a chen 
compound have in this way yielded important new insi 
into mechanisms for interhemispheric transport. 
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The Atmospheric Lifetime Experiment 
1. Introduction, Instrumentation, and Overview 

R. G. Prinn, 1 ' 2 P. G. Simmonds, 3 R. A. Rasmussen, 4 R. D. Rosen, 5,6 F. N. Alyea, 2,7 
C. A. Cardelino, 2,7 A. J. Crawford, 4 D. M. Cunnold, 2>7 
P. J. Fraser, 8 and J. E. Lovelock 9 

The Atmospheric Lifetime Experiment is designed to determine accurately the atmospheric con- 
centrations of the four hatocarbons CFClj, CF : G 2 , CC1 4 , and CHjCCIj, and also of NjO with emphasis 
on measurement of their long-term trends in the atmosphere. Comparison of these concentrations and 
trends for the four halocarbons with estimates of their industrial emission rates then enables calculations 
of their global circulation rates and globally averaged atmospheric lifetimes. The experiment utilizes 
automated dual-column electron-capture gas chromatographs which sample the background air about 4 
times daily at the following globally distributed sites: Adrigole, Ireland (52'N, I0'W); Cape Meares, 
Oregon (45‘N, 124'W); Ragged Point, Barbados (13 : N, 59'W); Point Matatula, American Samoa (14 C S, 
17FW); and Cape Grim, Tasmania (4I°S, 145"E). We review the climatology of these “clean air” sites 
and their ability to describe the global air mass. The instrumentation and methods for data acquisition 
and processing are then described. An overview of the data obtained and the trends derived during the 
3-year period from July 1978 through June 1981 for each of the five species being measured is presented. 
The comparative behavior of the species with latitude and time is emphasized. The global average surface 
concentrations of CFCL, CF,CL, CH.CCIj, CCL, and N 2 0 are increasing at annually averaged rates of 


5.7, 6.0, 8.7, 1.8, and 0.2% per year, respectively, 
ments. 


1. Introduction 

Current concerns about the accumulation of the com- 
pounds CFClj, CF 2 CI 2 , CHjCCIj, CCL, and N 2 0 in the 
atmosphere are based on their possible deleterious effects on 
the stratospheric ozone layer [ Molina and Rowland, 1974 a, b; 
McConnell and Schiff, 1978; Crutzen, 1974] and on surface 
climate [Ramanathan, 1975; Wang et ai, 1976]. These possible 
effects stem from the fact that these compounds are sources of 
either chlorine or nitrogen oxides which can catalytically de- 
stroy ozone [S tolar ski and Cicerone, 1974; Cruizen, 1970], and 
they are also strong infrared absorbers in window regions of 
the atmosphere. The only major sink for CFClj, CF 2 G 2 , 
CCL, and NjO that has so far been identified is photo- 
dissociation in the stratosphere. If photodissociation is the 
only sink, then CFClj, for example, presently has an atmo- 
spheric lifetime of approximately 78 years whereas CF 2 C1 2 has 
a lifetime of approximately 220 years [ Golombek , 1982]. These 
very long lifetimes, combined with current release rates of 
chlorofluorocarbons, lead to the prediction that these chlor- 
ofluorocarbons will reach sufficiently high atmospheric con- 
centrations in 20 or 30 years time to produce discernable ef- 
fects on ozone and climate. The determination of the actual 
atmospheric lifetimes of CFClj and CF 2 C1 2 is thus of con- 
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the midpoint of the 3-year period of the measure- 


siderable importance. Similar comments apply to CC1 4 and 
N 2 0 which also appear to have lifetimes of decades. The prin- 
cipal sink for CHjCCIj appears to be its reaction with the OH 
radical [ Cox et ai, 1976], and a measurement of its atmo- 
spheric lifetime provides a potentially accurate indicator of 
tropospheric OH concentrations [ Lovelock , 1977]. 

Before 1977, existing chlorofluorocarbon observations had 
been used to suggest that the lifetimes of CFCI, and CF 2 C1 2 
were several decades or more [ Rowland and Molina, 1976; 
Pack el ai, 1977]. However, it was also pointed out that a 
lifetime as short as 10-15 years was not inconsistent with the 
observations when one takes into account the variability and 
accuracy of the data [Sze and Wu, 1976; Jesson et ai, 1977; 
Cunnold et al~, 1978]. This is an important point. With chlor- 
ofluorocarbon lifetimes of only 15 years, for example, the pre- 
dicted depletion of the ozone layer would be reduced by a 
factor of about 5 for CFClj and about 1 1 for CF 2 C1 2 . 

In the absence of sufficiently accurate observations, talk of 
short (i.e_, 10-15 years) or long (i.e., 78-200 years) chlor- 
ofluorocarbon lifetimes is largely conjectural. A detailed theo- 
retical study has shown that a network of four ground stations 
appropriately spaced around the globe and making at least 
daily measurements with existing experimental methods could, 
with 3-4 years of operation, prove or disprove the existence of 
a 10-15 year lifetime [ Cunnold et ai, 1978]. This study also 
concluded that the effect of systematic errors in instrument 
precision and calibration and in estimates of chlor- 
ofluorocarbon release rales lo the atmosphere could be mini- 
mized by determining the trend over several years, rather than 
attempting to assess the instantaneous global atmospheric 
chlorofluorocarbon content. , ■ , ; 

Based on this study we. began an experiment, entitled the 
“Atmospheric Lifetime Experiment”, (ALE), which utilizes the 
following five globally distributed coastal measurement sta- 
tions :(1) Adrigole, Ireland, 52 ; N, 10"W; (2) Cape Meares, 
Oregon, 45’N, 124 C W; (3) Ragged Point, Barbados, I3‘N, 
59'W; (4) Point Matatula, American Samoa, 14 r S, 171 : W; (5) 
Cape Grim, Tasmania, 4 1 5 S, J45 C E. Operations began jn Feb- 
ruary 1978 at Adrigole; in April 1978 at Cape Grim; in May 
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LATITUDE 


Fig. I. The location of the ALE stations in relation to the summer and winter zonally averaged circulations from Louis 
[1975], Units for the streamlines are 10 11 gm/s. The symbols AD, CM, RP, PM. and CG represent Adrigole, Cape 
Meares, Ragged Point, Point Malatula, and Cape Grim, respectively. 


1978 at Samoa; in July 1978 at Ragged Point; and, finally, in 
December 1979 at Cape Meares. 

Each of the ALE stations is intended to be representative of 
one of the four equal mass subdivisions of the global atmos- 
phere. The placement of the stations in relation to the global 
mean meridional circulation [after Louis, 1975] is shown in 
Figure 1. It is apparent that our choice of stations provides a 
good degree of symmetry in the sampling of each hemisphere 
and that the two tropical stations are firmly placed in the 
tropical Hadley cell, while the three mid-latitude stations are 
centered below the weak indirect ceils. The placement of the 
stations in relation to seasonally averaged global 850 mbar 
horizontal streamlines [after Newell et al., 1972] is shown in 
Figure 2. It is evident that the tropical stations should experi- 
ence steady, largely easterly winds, whereas the mid-latitude 
stations should experience generally westerly winds, though 
these are sometimes disrupted strongly by the passage of cyc- 
lones and anticyclones. 1 ' .... 

In general, the sites were chosen to ensure as much as possi- 
ble that clean oceanic air would be sampled. The station in 
Ireland is located on the west coast some 50 m above sea level 
and 400 m from the coast of Bantry Bay; the Oregon station 
is 30 m above sea level and immediately overlooking the 
ocean; and the Barbados site is on the east coast about 18 m 
above sea level and 15 m from the ocean. The Samoa station 
is located at the National Oceanic and Atmospheric Adminis- 
tration (NOAA) site some 30 m above sea level and samples 
air through a 15 m high intake tube above the station build- 
ing. Finally, the Tasmania station was located on the north- 
west coast about 93 m above the sea level and 80 m from the 
shoreline prior to February 1980 and 80 m above sea level 
and 35 m from the shoreline (and 165 m north of the old site) 
after that date The latter site change was necessitated by the 
then ongoing construction of the new Cape Grim Baseline Air 


Pollution Station (BAPS). The ALE instrument was finally 
moved into the BAPS station in 1982. 

Because most of the industrial emissions of CFClj, CF 2 C1 2 , 
CC1 4 , and CHjCCIj occur in the northern hemisphere at mid- 
latitudes, it was considered highly desirable that two stations 
operate at these latitudes. Adrigole often receives polluted air 
from industrial England and Europe, while Cape Meares ap- 
pears to receive largely unpolluted Pacific air. Both polluted 
and unpolluted air comprise the total air inventory in the 
northern hemisphere mid-latitudes, and operation of both sta- 
tions avoids the biases that could result from reliance on any 
one station alone. 

At each station, a temperature-controlled, windowless 
building houses the instrumentation, and each site has a local 
caretaker who makes usually daily maintenance checks on the 
equipment The instrumentation is described in detail in sec- 
tion 2. The primary instrument is a microprocessor-controlled 
Hewlett-Packard 5480A, dual-channel electron capture gas 
chromatograph, and measurements are taken usually four 
times daily of atmospheric CFClj, CF 2 C1 2 , CHjCG 3 , CCI 4 , 
and N 2 0. At all the ALE sites, except Barbados, measure- 
ments are also available for some of these latter species that 
have been made independently of the ALE program [ Pack et 
al., 1977; Fraser and Pearman, 1978a; Rasmussen et al., 1981; 
De Luisi, 1981 ; Rasmussen and Khalil, 1981]. 

To interpret the chromatograms in terms .of actual con- 
centrations, accurate daily onsite calibration of the instru- 
ments to keep both systematic “drifts" and random errors to a 
minimum is imperative. A method using reference cylinders of 
air calibrated directly or indirectly by using dilution, ex- 
ponential dilution, and coulometric techniques has been de- 
vised and appears sufficient to meet our particular calibration 
demands. These reference cylinders are prepared by using pri- 
mary standards and then shipped to the ALE sites. There, they 
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Fig. 2. The location of the ALE stations in relation to the mean summer and winter streamlines at the 850 mbar 
pressure level from Newell et al. [1972], As in Figure 1, the stations are represented by the symbols AD, CM, RP, PM, and 
CG. 


are usually used for approximately 3 months and then re- 
turned for remeasurement against the primary standards. A 
complete description of the calibration techniques used in the 
ALE program appears in a following paper [Rasmussen and 
Lovelock, this issue]. 

In this paper we provide an overview of 3 years of finalized, 
calibrated data from the Adrigole, Ragged Point, Point Mata- 
tula, and Cape Grim stations and 18 months of data from 
Cape Meares. Taking into account the four-times daily 
measurement runs with their accompanying calibration runs 
and the fact that CFC1 3 is analyzed on two independent 
chromatographic columns, the raw data base comprises ~2 
x 10 5 chromatographic peaks. The manner in which these 
data are processed, with due consideration for possible instru- 
mental malfunction and local pollution, is outlined in section 
3. In section 4 we present an overview of the measurement of 
all five species being analyzed at the five sites emphasizing the 
overall performance of the experiment and the comparative 
behavior of the species with latitude and time. Further details 
and interpretations of the observations of CFC1 3 , CF 2 C1 2 , 
CH 3 CC1 3 , CC1 4 , and N 2 0 in terms of their individual sources, 
sinks, and, where possible, their atmospheric lifetimes are pro- 
vided by Cunnold et al. [this issue (a), (fc)], Prinn et al. [this 
issue], Simmonds et al. [this issue], and R. A. Rasmussen et al. 
(unpublished manuscript, 1983), respectively. 

Finally, we emphasize that the chlorofluorocarbons are ex- 
cellent tracers for global scale atmospheric mixing and may be 
used in particular to test global circulation models (c.g., Gol- 
ombek, 1982]. They also provide a convenient tracer for deter- 
mining oceanic mixing rates [ Lovelock et al., 1973]. For these 
and other potential applications a complete digital record of 
all of the data from the first 3 years of ALE is available 
lAlyea, 1983]. 

2. Instrumentation 

All five ALE stations are equipped with the same 
microprocessor-controlled Hewlett Packard 5840A dual 


channel electron-capture gas chromatograph. Each channel is 
operated independently with separate chromatographic col- 
umns and detectors. Channel “P" contains a 1.8 m by 6.4 mm 
column packed with 80-100 mesh Porasil D which separates, 
in order of elution, NjO, CF 2 CI 2 , and CFCI 3 using a 2 or 3 
ml air sample. Channel “S” analyses a 5 or 7 ml air sample for 
CFCI 3 , CH 3 CCI 3 , and CC1 4 on a 1.8 m by 6.4 mm column 
packed with 10% SP2100 silicone coated on 100-120 mesh 
Suplecoport. Both columns are maintained isothermally at an 
oven temperature of 50 C C. The carrier gas is a specially puri- 
fied grade of 95% argon + 5% methane, containing less than 
5 ppm of oxygen. Diffusion-resistant high purity regulators 
with stainless steel diaphragms are used on all carrier gas 
cylinders, and the respective flow rates for the “P” and “S" 
channels are 30 and 50 ml min ~ '. 

Several precautions are necessary to ensure that the carrier 
gases are both halocarbon-free and of a consistent quality at 
each station and from tank to tank. First, the carrier gas is 
passed through a 0.46 m x 2.5 mm stainless steel pipe filled 
with a mixture of 5 A and 13X molecular sieves. Further 5 A 
sieve traps (0.15 m by 6.4 mm) are in line on each channel 
after the flow controllers. In addition, as a final precaution, 
the injection ports (0.10 m by 6.4 mm) are maintained at 
270°C and filled with palladized asbestos to destroy cata- 
lytically any trace halocarbons that might escape the molecu- 
lar sieve filters. Each electron capture detector is heated separ- 
ately, 320°C for channel “P” and 250°C for channel “S" for the 
Atlantic stations and 350°C for both channels at the three 
Pacific stations. 

A block diagram of the experimental arrangement is illus- 
trated in Figure 3. Outside air is drawn into each of the instru- 
ments by means of a noncontaminating metal bellows pump 
(MB-41, Metal Bellows Corp.) along a stainless steel line that 
is securely attached to a large pole so that the air intake is at 
least 2.0 m above the roof of the instrument building. A stain- 
less steel funnel with small mesh screen is inverted at the 
beginning of the sampling line to prevent insects or water 
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Fig. 3. Air sampling and calibration flow system at the ALE stations. ECD refers to the electron capture detector. See 

text for further details. 


from entering the line. There is also a small 15 /rm filter en 
route to the pump to prevent the intrusion of dust. The in- 
coming air is first reduced to a nominal flow rate of 50 ml 
min -1 by means of a simple flow divider and vent valve. It 
then passes through a three-way switching valve (Valeo In- 
struments, Inc.) followed by a special dryer [ Foulger and Sim- 
monds, 1979], fabricated from type 815 Nafion® tubing, which 
reduces the water content of the sample to an approximately 
constant 700 ppmv. Dry ambient air then enters each of the 
gas sampling valve loops which are thermostatted at 50°C 
within the chromatographic ovea 
The air sampling calibration schematic is also shown in 
Figure 3. The high pressure in the calibration tank (nominally 
400-500 psig) is reduced to 10 psi, without contamination, via 
an ultraclean stainless steel regulator (Veriflo UHP 660-580-2- 
SS-M1). After each analysis of an ambient air sample, the 
position of the three-way switching valve is changed by a 
pre-programed instruction from the microprocessor, thereby 
initiating a flow of calibration gas into the two gas sample 
loops. The gas flows are stopped just before injection, provid- 
ing a precise and reproducible sample. Flow meters are incor- 
porated on the exit lines from each gas sampling valve, thus 


TABLE 1. ALE Program Sequence at Adrigole and Barbados 


Time 

Run 

Column/Measurement 

1600-1700 

17 

SA 

caretaker reset run 

1700-1800 

I 

SA 


1800-1900 

2 ■ 

SC 


1900-2000 

3 

PC 


2000-2100 

4 

PA 


2100-2300 

2300-2400 

5 

SA 

wait 2 hours 

2400-0100 

6 

SC 


0100-0200 

7 

PC 


0200-0300 

8 

PA 


0300-0500 

0500-0600 

9 

SA 

wait 2 hours 

0600-0700 

10 

SC 


0700-0800 

11 

PC 


0800-0900 

12 

PA 


0900-1100 



wait 2 hours 

1100-1200 

13 

SA 


1200-1300 

14 

SC 


1300-1400 

15 

PC 


1400-1500 

16 

PA 


1500-1600 



wait l hour 


P <= Porasil column; S = silicone column; A «* ambient air 
measurement; C = calibration gas measurement. 


enabling the local caretaker to readily confirm that the flow 
rates are within certain specified limits. 

It is important to note that the electron capture detector 
(ECD) signal outputs from channel “P” are processed with 
constant current mode electronics. This form of signal pro- 
cessing has also been used for channel “S” at Oregon, Tasma- 
nia, and Samoa (with the exception of a 6-month period at 
Samoa from November 10, 1978, to May 8, 1979, when a 
constant frequency detector was used). The constant current 
or pulse frequency feedback mode of detection has been 
adopted by the majority of commercial gas chromatograph 
manufacturers because of its wide dynamic range. However, 
some caution is necessary with this method, since compounds 
to which electrons strongly attach can produce a response that 
varies nonlineariy with concentration, except at very high car- 
rier gas flow rates [ Lovelock , 1974]. This problem can be 
largely overcome by the separate analysis of a calibration 


TABLE 2. ALE Program Sequence at Cape Meares, Samoa, and 
Tasmania 


Time 

Run 

Column/Measurement 

900-1000 

12 

SA auto reset 

1000-1100 

1 

SA 

1100-1200 

2 

SC* 

1200-1300 

3 

SA* 

1300-1400 

4 

SA* 

1400-1500 

5 

SC* 

1500-1600 

6 

SA 

1600-1700 

7 

PA 

1700-1800 

8 

PC* 

1800-1900 

9 

PA* 

1900-2000 

10 

PA* 

2000-2100 

11 

PC* 

2100-2200 

12 

SA auto reset 

2200-2300 

I 

SA 

2300-2400 

2 

SC* 

2400-0100 

3 

SA* 

0100-0200 

4 

SA* 

0200-0300 

5 

SC* 

0300-0400 

6 

SA 

0400-0500 

7 

PA 

0500-0600 

8 

PC* 

0600-0700 

9 

PA* 

0700-0800 

10 

PA* 

0800-0900 

11 

PC* . 


•Data used for data base. 

P = Porasil column; S «= silicone column; A = ambient air 
measurement; C = calibration gas measurement. 
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standard as close in concentration to ambient as possible and 
under the same conditions of analysis. This procedure is rou- 
tinely followed in the ALE program so that calibration and air 
analyses are usually only 1 hour apart. 

At the Adrigole and Barbados stations, constant frequency 
(4 kHz) electronics have been used to process the signal out- 
puts from the “S” channel detector. Although the signal is 
slightly noisier by this method, it is potentially an absolute 
method of analysis where the coulometric reaction of halo- 
carbons and electrons can be used to calculate halocarbon 
concentrations within the detector [ Lovelock and Watson, 
1978; Grimsrud and Kim, 1979; Gobby et al., 1980]. Also, since 
halocarbon measurements had been made at the Adrigole sta- 
tion commencing in 1970 by using the constant frequency 
electronics [Pack et al., 1977], it was desirable to continue 
with this method to maintain continuity in this long time 
series of measurements. 

Although the signal outputs from both “P” and “S” 
channels are recorded automatically onto a thermal printer- 
plotter, the analog output from the “S” channel is also pro- 
cessed through additional electronics and displayed on a 
backup potentiometric recorder. In the design and construc- 
tion of these electronics we have included some additional 
relay circuits that operate under control of the HP5840A mi- 
croprocessor and permit the programed operation of ancillary 
equipment, such as the on-off cycles for the metal bellows 
pump and the potentiometric recorder. An extra signal cable 
from a small frequency meter has also been incorporated into 
the HP5840A detector housing to monitor the frequency of 
the constant current “P” channel. This frequency measurement 
is a valuable and sensitive indicator of the overall cleanliness 
and stability of the “P” channel detector. Recently, at Adrigo- 
le, Samoa, Tasmania, and Oregon, provision has been made 
for duplicate recording of the digital output onto cassette tape, 
using a Techtran 815-17 data logger. This option not only 


provides a backup in the event of a printer-plotter failure, but 
also allows rapid inspection of the data record for system 
malfunctions. 

Besides the chromatographic apparatus, each station except 
Tasmania is air conditioned (the refrigerant of choice is 
CHClFj). The air within the instrument buildings is analyzed 
regularly to guard against any leaks that might develop in the 
air conditioner. Positioning of the air intake sample line 
upwind, and well above and away from the building, also 
minimizes the risk of any contamination. All stations also 
contain either a barohydrothermograph or a hydro- 
thermograph which provide a continuous record of station 
pressure, humidity, and temperature. 

The main stresses to all of the instrumentation are periods 
of low voltage (most common at Samoa) and power outages 
(frequent at Barbados and Samoa). Because these power prob- 
lems have been particularly severe at the Samoan station an 
Uninterruptible Power Supply (Elgar Corp.) was installed in 
the spring of 1981. 

Each of the stations follows the same basic analysis and 
calibration procedures. However, there are minor technical 
differences, including time differences in the sequences of am- 
bient air and calibration analyses to optimize individual in- 
struments to the local conditions. When the ALE stations 
were first established, 10 ambient air measurements were re- 
corded throughout a 24-hour cycle with two calibration 
measurements at 12-hourly intervals. However, in September 
1978 it was decided to introduce a different sequence, to in- 
crease the frequency of calibration measurements, and to 
allow for differences in the availability of caretaker support at 
individual stations. Tables 1 and 2 show sequences adopted 
for the Atlantic and Pacific stations since September 1978, 
respectively. 

At most sites a local caretaker or trained technician makes 
a daily visit to the station to verify routine performance of the 


SAMOA- August 21 1980 



Fig. 4. Analysis of 3 ml of ambient air at the Samoan station on the “P" channel. The 1.8 m by 6.4 mm column utilized 
is isothermal (50°C) and packed with Porasil D (80- 1 00 mesh). 
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BARBADOS-March 6 1980 

-CFC 1 3 


-CCI4 


l CH3CCI3 



CFCl 2 CF 2 Cr 


Fig. 5. Analysis of 5 ml of ambient air at the Barbados station on the “S" channel. The 1.8 m by 6.4 mm column is 
isothermal (50°C) and packed with 10% SP2100 silicone on 100-120 mesh Supelcoport. 


instrumentation and when necessary to replace consumables 
(e.g., printer-plotter paper, carrier gas, etc.). Any unusual 
events, including power failures or abnormal weather con- 
ditions, are recorded, and any instrumental malfunctions are 
immediately reported to the station scientist. Because power 
failures and low voltages can often scramble the microproces- 
sor program, the caretakers also have the ability to reinstate 
the correct instructions by editing the program directly from 
the microprocessor keyboard. 

Each station is visited at least quarterly by the station scien- 
tist for detailed servicing of the instrument and for replace- 
ment of the calibration gas tank. Cross-calibration of both old 
and new calibration tanks is performed on-site, and the used 
tank that typically still contains between 200 and 300 psi of 
gas is returned for remeasurement against the primary stan- 
dard [sec Rasmussen and Lovelock, this issue]. If a new cali- 
bration tank is found to have an anomalously low pressure or 
if there are obvious discrepancies during the cross calibration, 


the suspect lank is not used but exchanged for a second cali- 
bration tank which is always held in reserve. 

Each visit specifically includes replacement of all molecular 
sieve filters and Nafion® dryers, as well as diagnostic checks 
on electronic components, chromatographic performance, and 
electron capture detector standing currents and frequencies. 
Considerable care is taken to be certain that cleaning and/or 
replacement of components has not disturbed the internal 
consistency or accuracy of the measurements in which we aim 
to maintain 1% precision of analysis at ambient levels. 

3. Data Acquisition and Processing 

Data are printed out automatically by the HP5840A and 
consist specifically of the retention times and integrated peak 
areas for each species. Usually, these integrated peak areas are 
sufficiently accurate to be used directly to compute species 
concentrations. However, the integration for species with 
smaller peaks, particularly CH 3 CC1 3 and CCl*, often lacks the 



Fig. 6. Flow diagram outlining the data processing scheme used in the ALE program. 







Prinn et al.: ALE Overview and Instrumentation 


8359 



jPN FES MAS RPR MRT ' JUN 


Fig. 7. Histograms showing fractional linear trends in the raw data values for CF 2 CI 2 in ambient air (solid histo- 
grams) and calibration tanks (dashed histograms) over major time segments during the 6-month period January-June 
1980 at Point Matatula, Samoa. The mean raw data values (ATM or CAL) in arbitrary units that are used to normalize 
the histograms for each segment are shown along the top border, 


instrumental precision required, and for this reason we make 
manual measurements of the relevant peak heights. Examples 
of the automatic print out for each channel are shown in 
Figures 4 and 5. The analysis of a 3-ml air sample at Samoa 
(Figure 4) shows the resolution of N 2 0, CF 2 C1 2 , and CFG 3 
on the Porasil D column (channel “P”). Similarly, theJBarb- 
ados chromatogram (Figure 5) illustrates the separation of 
CFCI 3 , CHjCClj, and CCI 4 in a 5-ml air sample on the 
SP2100 silicone column, (channel “S”). 

It should be mentioned that the columns used in the ALE 
program were selected from practical experience as the most 
suitable for the direct analysis of trace halocarbons in ambient 
air. Nevertheless, they are relatively low resolution packed 
columns, and the possibility exists for coelution of other minor 
atmospheric components with the halocarbon species mea- 
sured by ALE. Fortunately, there is close agreement between 
atmospheric concentrations of CFC1 3 , CF 2 C1 2 , CH 3 CC1 3 , and 
CC1 4 determined by electron-capture gas chromatography and 
gas chromatography-mass spectrometry methods [ Grimsrud 
and Rasmussen, 1975; Cronn and Harsch, 1979; Penkett, 1981]. 
Furthermore, the additional specificity obtained from the mass 
spectrpmetry methods confirms the absence of any major coel- 
uting species. Independent measurements by Simmonds [1980] 
of clean maritime air on chromatographic columns with com- 
pletely different retention characteristics from those used in 
the ALE program further establishes that the major atmo- 
spheric halocarbons determined in ALE do in fact elute as 
single chromatographic peaks. 

Standard procedures have been developed for the pro- 
cessing of all ALE data. The important steps are outlined in 
Figure 6 in the form of a flow diagram. Raw chromatographic 
data from the. .five sites are first transferred to daily data sheets 
which summarize, the atmospheric and calibration tank analy- 
ses on each column in the form of chromatographic peak 
areas (or occasionally peak heights) together with comments 
on -any unusual aspects of the day’s operations. Information 
on these data sheets, is later transferred to computer cards, and 
daily jmeans, and standard deviations are computed. These 
latter statistics, together with a simple visual inspection of the 
data, form part of a routine,check. Any,. obviously unusual 
data is investigated to check if transcription errors, automatic 
peak area integrator malfunctions, and related problems, have 
occurred^ if so, the appropriate corrections are made. After 
this check, an immutable, “raw data file” is created that, forms 
the basis for all subsequent processing. 

A “working data file" is formed from the raw data file, and a 
separate “header file” is created, which among other items 
contains information on the calibration tank used at the site 


for each measurement and the concentrations of halocarbons 
and nitrous oxide in this tank. Also included is information on 
whether independent evidence for pollution exists; whether the 
data comprises peak areas or heights; and whether power 
failures, changes of calibration or carrier gas tanks, and relat- 
ed interruptions of the normal station routine have occurred. 
The “header file” also labels any statistically unusual data for 
later checking. 

A calibration program then uses the information in the 
working data and header files to calibrate the data by using 
the basic relationship 



where x is the calibrated mixing ratio for the appropriate 
species, x 0 is the mixing ratio of the species in the on-site 
calibration tank, and A and C are the areas (or heights) of the 
chromatographic peaks for the atmospheric and calibration 
tank analyses respectively. In most cases, x 0 is an average 
value determined from analysis of the calibration tanks before 
and after their use at the station; for two (out of a total of 51) 
tanks used, analyses were available only prior to their use. In 
general, C refers to the nearest calibration tank analysis in 
time to the atmospheric analysis for the two Atlantic stations 
and to the arithmetic mean of the calibration tank analyses 
immediately before and after the atmospheric analysis for the 
three Pacific stations. The choice of separate procedures for 
the Atlantic and Pacific stations arises from the different se- 
quences of calibration tank and atmospheric analyses at the 
two sets of stations. We have discerned no statistical differ- 
ences between the Atlantic and Pacific stations attributable to 
this slight difference in their calibration procedures. At all 
stations if the normal calibration tank analyses are missing or 
if there has been a break in instrument operation, then C is 
defined as the nearest value or arithmetic mean value depend- 
ing on the proximity of the atmospheric analysis to the sur- 
rounding calibration tank analyses. Also, in the first few 
months of operation of the Irish, Barbadan, Samoan, and Tas- 
manian stations, the frequency of calibration tank analyses 
was less than that adopted later, and again an appropriate 
choice of the nearest or arithmetic mean value was therefore 
used. 

After the calibration procedure, a “calibrated values file" is 
created which contains all the raw and calibrated data togeth- 
er with any subsidiary information on the data contained in 
the header file. Also, any data suspected on statistical grounds 
is at this point carefully investigated. Only if an independently 
verifiable malfunction in the measurement system (e.g., sam- 
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. Fig. 8. Residuals obtained at Cape Grim, Tasmania, after subtracting the mean linear trends over major time seg- 
ments from the daily mean raw chromatographic values for CFClj on the “S” channel Overall period shown is July- 
December 1979. Residuals are presented as percentages of the mean raw data value during each time segment. Residuals 
for atmospheric raw dafa are shown in the top graph and those for the calibration tank in the bottom. 


pling valve problems, detector deterioration, automatic inte- 
grator malfunction) or a pollution episode (as defined in sec- 
tion 4) is identified, are such data corrected or deleted in the 
calibrated values file. A permanent record of all of these cor- 
rections or deletions is maintained in the header file. We em- 
phasize that the original raw and working data files are never 
altered as a result of such investigations. In addition, the orig- 
inal chromatograms generated at all the stations are per- 
manently stored for future reference. 

A “monthly summaries file” is also created which contains 
tabulations of the calibrated daily and monthly means and 
standard deviations for atmospheric CFClj (silicone column), 
CFClj (Porasil column), CF 2 C1 2 , CH 3 CC1 3 , CCI 4 , and N 2 0 at 
each station. From this file, monthly summary sheets and 
plots of the daily mean data in 6-12 month segments are 
generated. These are used as aids in the extensive review of the 
data set by the experimenters which are made at 6 monthly 
intervals. In addition, to aid in the review of instrumental 
performance, linear trends and residuals are computed separ- 
ately for the calibration tank and atmospheric measurements, 
and the correlation between these two sets of residuals is also 
determined. 

We are particularly concerned with the evaluation of two 
temporal scales of instrument performance: potential long- 
term instrumental drift over many days or weeks and fairly 
rapid oscillations which may occur from day to day. Figure 7 
contains an example of an analysis of instrumental drift for a 
6-month period at Point Matatula. Specifically illustrated are 
the fractional linear trends of the raw chromatographic values 
recorded over time segments of days to weeks when theinstru- 
ment was operating continuously. The solid histograms repre- 
sent ambient air measurements, and the dashed histograms 
the calibration tank measurements. The mean raw data values 
for each time segment used to normalize the histograms 
(ATM/CAL) are recorded along the top border of the figure. 
Note particularly that the magnitudes of the linear trends are 
small (considerably less than 1% per day), their signs fairly 
random, and that their values tend to be similar for both the 
ambient air and the calibration samples. These illustrated re- 


sults are generally typical of all of the data collected at the 
ALE sites and help substantiate the calibration technique used 
in the ALE program. 

The typical day to day behavior of the instruments is de- 
picted in Figure 8. Here we show for a 6-month period at 
Cape Grim the residuals obtained after subtracting the mean 
linear trends (over time segments of continuous instrument 
operation) from the daily mean raw chromatographic values. 
These residuals have been normalized by the raw mean values 
in each time segment and are thus displayed as percentages for 
the ambient air measurements (top) and the calibration tank 
measurements (bottom). We see that the residuals are reason- 
ably small (less than ~4%) and show similar patterns for both 
ambient air and calibration measurements. Again, these re- 
sults suggest that the high level of performance of the instru- 
ments, coupled with the ALE on-site calibration technique, 
provides a system capable of generating reliable atmospheric 
concentrations with very good precision. All of the ALE sta- 
tions and species demonstrate similar long- and short-term 
performances with few anomalies except when definite instru- 
ment problems have been identified, in which case the data is 
in any case not valid and therefore rejected. 

Finally, the calibrated mixing ratios for each species stored 
in the ALE files have absolute values dependent on values 
assigned to the primary standards adopted for the experiment. 
However, recent independent determinations of the absolute 
concentrations of ALE species in these primary standards in- 
dicate that small corrections to these assigned values are in 
general required [see Rasmussen and Lovelock, this issue]. For 
consistency in the ALE program, the formal values assigned to 
the primary standards are not altered as estimates of absolute 
concentrations improve. Rather! the appropriate factor <f, by 
which all the ALE mixing ratios for a given species should be 
multiplied to provide their true atmospheric values, is deter- 
mined based on the best information currently available on 
absolute calibration. The £ values for CFClj, CF 2 Cl 2 , 
CHjCClj and CCL, are at present estimated to be 0.96 ± 0.02, 
0.95 ± 0.02, 1 ± 0.3, and 0.81 ± 0.04, respectively (95% 
confidence; see Rasmussen and Lovelock [this issue]). The f 
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Fig. 9. Monthly mixing ratios and monthly variances measured at Adrigole, Ireland (52°N, 10°W) for CFCIj using the 
silicone (FI IS) and Porasil (FI IP) columns, CF 2 Cl, (F12) and N 2 0 using the Porasil column, and CHjCCIj and CCI 4 
using the silicone column. The mixing ratios plotted here and in Figures 10-13 have been multiplied by the absolute 
calibration factors { discussed in the text and therefore represent our present best estimates for the absolute concentrations 
of these compounds. 


value for N 2 0 has not yet been precisely determined. For 
purposes of a preliminary presentation of the ALE N : 0 data in 
this paper we adopt an interim value for ( = 0.92; a more precise 
evaluation will be given by R. Rasmussen et al. (unpublished 
manuscript. 1983). We emphasize that the absolute concentra- 
tions (but not the fractional trends in space and time) presented 
here for N 2 0 are dependent on the above interim f value. 

4. Summary of Results 

The quality of the data obtained in the first 3 years of the 
ALE program is well above our initial expectations. In partic- 
ular, the overall accuracy for CFC1 3 and CF 2 C1 2 has equalled 
or exceeded our original goals which were based on the re- 
quired accuracies for measurements to be used in atmospheric 
lifetime determinations. Although the ALE instruments have 
been optimized for the latter two chlorofluorocarbons, it is 
clear from the record that good quality data are also being 
obtained for CH 3 CCI 3 , CCl*,and N 2 0. 

The monthly mean mixing ratios x and monthly variances 
determined in the ALE program for CFC1 3 (using the silicone 
column), CFGj (using the Porasil column), CF 2 C1 2 , 
CH 3 CC1 3 , CC1 4 , and N 2 0 are illustrated for each ALE station 
in Figures 9-13. As was discussed in the papers devoted to 
each of the ALE species, the values of In x obtained at each 
site can be conveniently fit with an empirically determined 
function containing terms that are linear, quadratic, and 
simple harmonic (period = 12 months) in time. At the mid- 


point of the second year of the ALE program, the annually 
averaged mixing ratio X and trend dX/dt for each species at 
each site can be determined from the In x functions by using 


X 

dX 

dt 


r + i/2 

exp {In *(f)} dt 

J- 1/2 

r il2 e in m 

J- 1/2 81 


exp {In *(0} dt 


where t is time in years measured from January I, 1980. 
Global-av erage values for the mixing ratio X and the trend 
d In X/dt of each ALE compound can then be deduced by 


TABLE 3. Global-Average Mixing Ratios X and Trends 3 In Xjh 
for the Second Year of the ALE Program Determined by Averaging 
the Annual-Average Values X and dX/dt From Each of the ALE 
Sites, Respectively 


Compound 

X 

d In X/dl, percent yr 1 

CFCIj (silicone) 

168 pptv 

5.6 

CFCIj (Porasil) 

168 pptv 

5.7. 

CFjCI 2 

285 pptv 

6.0 

CHjCCIj 

123 pptv 

8.7 

CC1 4 

118 pptv 

1.8 

NjO 

306 ppbv 

0.2 


The Adrigole and Cape Meares stations are averaged as one station 
when their measurements overlap in time. The values of X tabulated 
here have been multiplied by the appropriate absolute calibration 
factor { (see text). 
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TABLE 4. Annual-Average Mixing Ratios X in the Northern 
Hemisphere (NH) and Southern Hemisphere (SH) for the Second 
Year of the ALE Program Obtained by Averaging the X Values 
From the NH and SH ALE Stations 


Compound 

Y(NH) 

X(SH) 

Af(NH)/Y(SH) 

CFCIj (silicone) 

175 pplv 

160 pptv 

1.09 

CFCIj (Porasil) 

175 pplv 

161 pptv 

1.09 

CF 2 Clj 

296 pptv 

274 pptv 

1.08 

CH 3 CC1 3 

143 pptv 

104 pptv 

1.37 

CCI 4 

121 pptv 

115 pptv 

1.05 

n 2 o 

307 ppbv 

306 ppbv 

1.003 


The Adrigole and Cape Meares stations are averaged as one sta- 
tion where their measurements overlap in time. The values of X 
tabulated here have been multiplied by the appropriate absolute cali- 
bration factor { (see text). 

averaging the X and dX/dt values obtained at each station 
and are given in Table 3. 

The latitudinal distributions of the ALE species are summa- 
rized in Table 4 where we give the annual-average mixing 
ratios X (at t = 0) for each ALE compound in the northern 
and southern hemispheres, respectively. These are obtained by 
averaging appropriately the X values at each station in the 
relevant hemisphere. Also tabulated are the ratios of the 
northern and southern hemisphere X values. 

An examination of Table 3 shows that of the five ALE 
species CH 3 CC1 3 is accumulating the most rapidly and N a O 
the least rapidly. In particular, the e folding times for mixing 
ratios for current rates of accumulation are approximately 11, 
17, 18, 53, and 500 years for CH 3 CC1 3 , CF 2 C1 2 , CFC1 3 , CC1 4 , 


and N 2 0, respectively. If the emission fluxes of these com- 
pounds remain constant and their rates of destruction remain 
proportional to their concentrations, then these latter e fold- 
ing times will steadily increase as each species approaches a 
steady state (zero trend). 

From Table 4 it is evident that CH 3 CCI 3 has the largest 
interhemispheric gradient and N 2 0 the smallest. These inter- 
hemispheric gradients are in general a function of the spatial 
and temporal variations of the sources and sinks for each 
species and of the strength of the global atmospheric circu- 
lation. For the four ALE halocarbons, CH 3 CC1 3 , CFCI 3 , 
CF 2 C1 2 , and CC1 4 , which all have largely northern hemisphere 
sources, the global cumulative industrial emission at the end 
of 1980 is 26, 14, 13, and 6%, respectively, more than the 
cumulative emission at the end of 1978. These differences in 
the recent rates of growth of the emissions of these compounds 
are an important factor in determining the differences in their 
interhemispheric ratios. Indeed, their observed interhemis- 
pheric ratios are in the same order as their recent rates of 
growth in emission. There are, of course, other factors in- 
volved, and these are discussed in the detailed papers devoted 
to each of the ALE compounds referenced earlier. 

We have found that the geography and meteorology of the 
ALE sites are very important for understanding the history of 
the air parcels being sampled and, in particular, for identifying 
those times when the stations are sampling highly polluted air 
from populated areas. At Adrigole, particularly in winter, the 
passage of secondary lows over Europe may enable polluted 
air from eastern Ireland, Wales, England, and continental 
Europe to reach Adrigole [Pack et al., 1977]. Indeed, Adrigole 
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Fig. 10. Monthly mean mixing ratios and standard deviations measured at Cape Meares, Oregon (45°N, 124 , ’W). See 
Figure 9 for notation and discussion of calibration factors f. 
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Fig. 11. Monthly mean mixing ratios and standard deviations measured at Ragged Point, Barbados (13°N, 59°W). See 
Figure 9 for notation and discussion of calibration factors (. 


is the most polluted of the ALE sites, as evidenced by episodic 
rapid increases in the ALE halocarbon concentrations. For 
this reason, three independent approaches were taken to rec- 
ognize these pollution episodes at Adrigole. 

First, we found that pollution could be reliably forecast 
with the aid of weather maps. In particular, the presence of 
prolonged ENE to ESE winds at all levels associated with an 
occluding low to the south of Adrigole correlated very well 
with extended periods (> 1-2 days) of pollution, although the 
timing of pollution events forecasted in this way was oc- 
casionally a day or so off. Second, perchloroethylene is ob- 
served as a minor chromatographic peak at Adrigole, and this 
short-lived species can be associated with air masses that have 
passed over industrial perchloroethylene sources at most a few 
days earlier. Third, high levels of perchloroethylene are gener- 
ally well correlated with rapid rises in the ALE halocarbons 
CFCI3, CF 2 C1 2 , and CH 3 CC1 3 and with the meteorological 
forecasts of pollution at this site. In practice, high per- 
chloroethylene levels and/or marked simultaneous increases in 
CFClj, CFjClj, arid CH 3 CC1 3 are used as indicators of pol- 
luted air at Adrigole. Using these criteria, approximately one 
third of the measurements at Adrigole contain evidence of 
some pollution. ' ;s . 

There is very little evidence from the ALE data for any 
significant pollution at Cape Meares. This is conversant with 
the iheteorology of this site. Specifically, for pollution to reach 
Cape Meares from the large urban areas of California, the 
prolonged presence of a Pacific high located to the southeast 
of this station appears necessary. A study of the daily synoptic 
situation during 1978 indicates that 35% of the time a high 


existed in such a conducive location, but on only a few oc- 
casions did it persist longer than 3 days. Because it would take 
at least 3 days for polluted air to travel clockwise around the 
high pressure area and arrive at Cape Meares, we conclude 
that only about 5% of the time during the year can pollutants 
from California potentially reach Cape Meares. Moreover, 
even when the Pacific high persists in the required postion SE 
of Cape Meares, a trough is often present over southern Cali- 
fornia and northern Mexico giving rise to a NE wind over the 
urban areas of California. This latter wind would move pollut- 
ants on a more southward track toward Mexico rather than 
westward ultimately to reach Oregon. 

Barbados is under the influence of easterly winds essentially 
all of the year so that almost without exception the air that 
arrives over Barbados is of oceanic origin with the nearest 
potential source of pollution being west Africa. An analysis of 
850 mbar streamlines (see Figure 2) indicates that the arrival 
at Barbados of air parcels of southern hemispheric origin 
(characterized by lower than normal halocarbon con- 
centrations) is most likely during summer (June-August) and 
least likely during winter (December-February). This is also 
the conclusion expected from the annual movements of the 
Intertropical Convergence Zone (see Figure 1). Barbados also 
occasionally shows rapid increases in CFCI3, CF 2 C1 2 , and 
CH3CCI, during evening bouts when the' island is dominated 
by calm conditions. In such situations, pollutants apparently 
build up near the ground in the populated inland areas of the 
island during the day and drain outward toward the coastal 
ALE site in the early evening. The island is usually flushed of 
this polluted air by about midnight, and halocarbon levels 
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Fig. 12. Monthly mean mixing ratios and standard deviations measured at Point Matatula, American Samoa (14°S, 
171°W). See Figure 9 for notation and discussion of calibration factors {. 


appear to return to normal by early morning. To identify 
these short pollution episodes, a record of calm and hazy days 
at Ragged Point is maintained by the station caretaker. 

During the southern summer the Intertropical Convergence 
Zone influences the Samoan latitudes. In particular, the circu- 
lation is affected by a monsoon low that forms to the west of 
Samoa and which enables northern hemisphere air 
(characterized by higher than normal halocarbon con- 
centrations) occasionally to reach this station. Since air par- 
cels arriving at Samoa are almost exclusively of oceanic origin, 
significant pollution is extremely rare at this site. 

At Cape Grim, Tasmania, the majority ( — 56%) of winds 
blow from the southwest sector, and winds from other direc- 
tions may be contaminated by the Australian mainland or 
Tasmania. In summer, high pressure dominates over Tasma- 
nia, and local sea breezes generally minimize instances of pol- 
luted air. However, in the winter and during the transition 
seasons, highs to the northeast of Tasmania may cause air 
from the Australian mainland to reach Cape Grim. For exam- 
ple, Fraser and Pearman [19786] have identified Melbourne as 
an occasional source of high levels of CFC1 3 at Cape Grim. 
Such identifiable pollution occurs about 10 days per year at 
this site as evidenced by the ALE data record. Otherwise, 
Tasmania is an excellent clean air site. ■■ , H 

The existence of annual cycles in the general circulation of 
the atmosphere and the possible existence of annual cycles in 
the emission rates of some of the ALE species suggests a 
search for such cycles in the ALE data. At Adrigole (Figure 9), 
a significant annual cycle is evident for CH 3 CG 3 with peak 
values occurring in late spring, but cycles are difficult to dis- 
cern for the other four species. At Cape Meares (Figure 10), 


there is insufficient data to reach any definite conclusions 
about annual variations. The data at Barbados (Figure 11) 
indicate small amplitude cycles in CH 3 CC1 3 , CCI 4 , and 
CF 2 C1 2 with peaks in late spring, late spring, and late 
summer, respectively. The cycles in CCI 4 and CH 3 CC1 3 are 
consistent with southern hemisphere air parcels having the 
greatest likelihood of reaching this station in summer and fall 
and least in winter and spring, but the cycle in CF 2 C1 2 is 
apparently not. However, a detailed examination of the daily 
rather than monthly mean data does indicate short episodes of 
anomalously low CF 2 C1 2 mixing ratios at Barbados in the 
summer and fall which is consistent with the occasional sam- 
pling of southern hemisphere air in these latter two seasons 
[ Cunnold et al, this issue (6)]. 

At Samoa (Figure 12) we see the most pronounced evidence 
of annual cycles. Maximum mixing ratios are clearly observed 
in late summer and minima in late winter for CF 2 C1 2 and 
CC1 4 and, for CFC1 3 on both columns. A similar but less 
clearly discernablc cycle is evident for CH 3 CC1 3 but with a 
maximum mixing ratio in the late spring. The observation of 
peak mixing ratios in late summer for the two chlor- 
ofluorocarbons is consistent with northern hemisphere air 
having the greatest probability of reaching Samoa in this 
season. Finally, the Tasmanian results (Figure 13) indicate an 
annual cycle for CH 3 CC1 3 with a peak in late winter, but 
cycles in the other species we not evident , «• , 

4, The observed variations in trace species measurements are a 
function of both the precision of the actual measurements and 
the true atmospheric variability of the species. It is sometimes 
possible to separate these two influences. For example, the 
monthly variances in the observed mixing ratios plotted in 
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Figures 9-13 often show a marked decrease in magnitude 
after the first 6 months of operation of a particular measure- 
ment station. This decrease is very obvious in the data at 
Tasmania (Figure 13) and is due to the improvements in in- 
strumental precision in this early period. Conversely, for those 
species and stations discussed above with recognized annual 
cycles, there is generally a correlation between peak mixing 
ratios and maximum monthly variances (see Figures 1 1 and 12 
in particular). This correlation is expected since peak mixing 
ratios indicate air masses originating closer to the sources of 
the respective species and therefore exhibiting maximum 
variability. Similarly, inspection of Figures 9-13 shows a gen- 
eral decrease in monthly variances as we move from the 
northern to southern hemisphere stations. The Cape Grim 
station shows the least variability for all the ALE species, and 
this behavior is certainly expected for the four halocarbons 
since this station is the furthest from the major northern hemi- 
sphere anthropogenic sources of these compounds. 

The lack of a substantial latitudinal gradient in the N 2 0 
mixing ratio indicates that the N 2 0 sources are much more 
evenly distributed over the globe than the halocarbon sources. 
Thus, a comparison of N 2 0 monthly variances with those of 
the halocarbons can sometimes be used to differentiate be- 
tween instrumental and atmospheric effects. In particular, 
when the N 2 0 monthly variances are positively correlated 
with the halocarbon monthly variances, then important in- 
strumental rather than atmospheric effects on the variances 
are implicated. For example, the large variances in both N 2 0 
and the halocarbons in the first several months of data at 


Barbados (Figure 1 1) lead us to suspect an instrumental rather 
than an atmospheric cause for the increased variability in the 
data in this early period. In this respect, the simultaneous 
measurement of several different species in the ALE program 
enables a number of cross checks on instrumental per- 
formance and true atmospheric variability which would not 
otherwise be possible for a single species. 

At each station it is evident that CH 3 CCI 3 has the largest 
monthly variances; typically, this variance is ~S% for 
CHjCClj, ~2% for CFCI 3 , CF 2 CC1 2 , and CC1 4 , and -0.5% 
for N 2 0. The / LE data indicate that the lifetime of CH 3 CC1 3 
[Prinn et al., this issue] is significantly shorter than that of 
CFC1 3 , CF 2 C1 2 , and CCI 4 [ Cunnold et al., this issue (a), (b); 
Simmonds et al., this issue]. Junge [1974] has argued that such 
an inverse relationship between lifetime and variance a is ex- 
pected for species with similar distributions of sources and 
sinks. In particular, he suggested log a oc log 1/r which ap- 
pears to be roughly consistent with ALE a and r values for the 
halocarbons. 

Although it is not evident in Figures 9-13, we have found 
that after significant adjustments have been made to the in- 
strument, a short period sometimes elapses before the instru- 
ment stabilizes. Occasionally, small stepwise changes in the 
individual mean species concentrations are produced by such 
instrumental adjustments or by changing a calibration tank. 
The data record is currently insufficient to determine whether 
these small step-wise changes will average to zero over a long 
term. The general quality of ALE data particularly for the 
chlorofluorocarbons is usually sufficiently high for these few 
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small step-wise changes to make a nonnegligible contribution 
to the total error in the trend. Thus, although the trend errors 
are lower than anticipated, there is room for further improve- 
ment by minimizing the frequency of interruptions to instru- 
mental operation. Indeed, a general improvement in instru- 
ment precision in the ALE program is already evident from 
the temporal decrease in the monthly variances for each 
species over the first 3 years. Thus, while monthly variances in 
the first year indicated effects due to differing performance of 
the instruments as well as to station location, the monthly 
variances in the third year are a function largely of the latitude 
of the ALE site. 

5. Concluding Remarks 

The major goal of the ALE experiment was to measure the 
trends of long-lived atmospheric species with sufficient preci- 
sion to define accurately their atmospheric lifetimes, global 
circulation rates, and source-sink balances. Prior to the exper- 
iment we expected on theoretical grounds a systematic change 
in the observed chlorofluorocarbon trends with latitude based 
on source locations and interhemispheric transport rates. We 
also expected important seasonal and other temporal period- 
icities in the data. All these expected effects are clearly evident 
in the data which we have presented in this paper. 

The measurements of CFClj, CF 2 C1 2 , CHjCClj, and CCI 4 
in the ALE program indicate that reliance on only occasional 
measurements at varied locations for the determination of 
their lifetimes and circulation rates is in general hazardous. 
The atmospheric variability of these species on daily, weekly, 
seasonal, and annual time scales is significant and must be 
determined adequately before accurate conclusions can be 
drawn from the data. To define adequately the seasonal vari- 
ations in species, it is apparent that a minimum of 2 years of 
data is required. To recognize even interannual variations 
(e.g., biennial oscillations) it is also clear that a minimum of 3 
years of data is necessary. Thus, quite apart from the argu- 
ments by Cunnold et al. [1978] quoted earlier, conclusions 
concerning long-lived atmospheric species which arc based on 
only 1 or 2 years of data are subject to criticism. This is 
certainly evident by inspection of the CFCI 3 lifetimes which 
would have been reported from the ALE experiment had we 
relied on only 1 or 2 years of data (namely, 45 and 105 years, 
respectively, using the observed trends). These values differ 
significantly from the value of 83 years deduced after 3 years 
of data became available [ Cunnold et al, this issue (a)]. 

In this and the following papers the data from the first 3 
years of the ALE program are presented and analyzed. The 
ALE program is now in its fifth year of operation, and we are 
optimistic that at least 6 years of data will eventually be ob- 
tained. 
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The Atmospheric Lifetime Experiment 
2. Calibration 

R. A. Rasmussen 

Department of Environmental Science, Oregon Graduate Center 

J. E. Lovelock 

Department of Engineering arid Cybernetics, University of Reading 

The calibration standards used in the Atmospheric Lifetime Experiment (ALE) for CFCI,, CFjClj, 
CHjCClj, and CC1 4 are described. This includes the preparation of the primary standards by static 
dilution and their propagation and stability for the period 1977—1982. Two independent assessments of 
the absolute concentrations pf the primary standards used to initiate the ALE measurements in 1977— 
1978 are reported. For consistency in the ALE program the values assigned to the primary standards 
and subsequent working standards used in the field were not altered during the experiment when results 
of better estimates of the original concentration values were obtained. Rather, the appropriate factors (, 
by which the ALE mixing ratios for a given species should be multiplied to obtain our best estimate of 
the current concentration of a given species, are provided. 


Introduction 

A special and necessary feature of the ALE program is the 
accurate daily on-site calibration of the instruments. This is 
accomplished by using specially prepared reference tanks of 
air which are shipped to the ALE sites where they are usually 
used for approximately 3 months. At any one time there are 
usually two reference tanks maintained at each site, one being 
used and the other serving as a backup. 

These calibration tanks are prepared by using clean air 
from the Cape Meares station and the concentrations of 
C0 3 F, CCIjFj, CHjCClj, CC1 4 , and hl 2 0 in the tanks are 
determined relative to primary standards. The determination 
of these concentrations is carried oui both before and after the 
use of the tank at a particular site. Each determination con- 
sists of at least six separate analyses to ensure that errors in 
the concentrations in these tanks relative to the primary stan- 
dards are not important in subsequent analyses of the ALE 
data for trends and lifetimes. 

The absolute concentrations of the primary and secondary 
standards used in the ALE measurements program were deter- 
mined by static dilution techniques. This work was done prior 
to the initiation bf ALE. The work in early 1975 [ Grimsrud 
and Rasmussen, 1975a] using gas chrOmatographic/mass spec- 
trometric (GC/MS) analysis established the following ambient 
concentrations at 45°N for CFC1 3 , 125 ± 8; CF 2 CI 2 , 
230 ± 10; CHjCClj, 100 ± 15; and CCl 4 , 120 ± 15 (pptv). 
These background concentrations were significantly higher 
than values obtained by others using only electron capture gas 
chromatography (EC/GC). This was especially significant for 
CFjClj which was consistently about twice the values of 
Hester et al. [1974] and Lovelock [19740]. In view of the 
relatively straightforward principles of mass spectrometric 
analyses as compared to the less well understood electron 
raptiure detector at this time, we regarded the higher Values for 
CP 2 CI 2 as being correct. Direct ' EC/GC analyses of the pri- 
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mary and the secondary standards prepared were consistent 
with the GC/MS results. 

Further preparations of primary standards for various trace 
gases by using static dilution methods were continued through 
1976 and 1977. The results for the halocarbons were consistent 
with the primary standards developed in 1975. The experi- 
mental details for preparing the primary standards for CFQ 3 , 
CF 2 C1 2 , CH 3 CC1 3 , and CC1 4 from pure materials have been 
previously described [ALE Principle Investigators, 1981]. The 
efforts between 1975 and 1977 established the expertise to 
prepare absolute concentrations for CFC1 3 and CF 2 C1 2 to 
± 5 to 10% and CH 3 CC1 3 and CC1 4 to ±15 to 20%. The 
'work also developed containers free from Contamination and 
determined the storage stability of CFC1 3 , CF 2 C1 2 , CH 3 CC1 3 , 
CG 4i and N 2 0 in standards used in the laboratory. These 
developments were tested in several interlaboratory calibra- 
tion studies [Rasmussen et al n 1976; Rasmussen, 1978; Ras- 
mussen arid Pierotti, 1978; Rasmussen aid Khalil, 1981]. Ac- 
cordingly, when the ALE program started in the fall of 1977, 
the accuracy of the primary Standards in use in Rasmussen’s 
laboratory was accepted as the provisional reference standards 
for the ALE study. Subsequently, two additional studies were 
designed by Lovelock to determine independently the absolute 
calibration values assigned to the ALE primary standards: 
These additional studies involved the use Of a large/ex- 
ponential dilution chamber and the calculation of the absolute 
concentrations by coulometry. " 

The propagation of the primary standards in the ALE pro- 
gram is discussed in the following sections. Considerable (sure 
is taken to confirm continuously the accuraCy of the propaga- 
tion of the ALE standards over time and between the various 
ALE stations. This is because, in order to determine the trends 
of trace gases for the ALE program, the errors in relative 
concentrations are much more important than’ the errors in 

absolute concentrations. ' : ; ! -' : - w -'S 1 

j-"T .it’-.?.!’': h.V ,, 

Propagation of ALE Secondary Standards' 

The concentrations of CFC1 3 , CF 2 G 2 , CHjdClj/and CQ 4 
assigned in 1977 to the ALE standards were deterinined by 
direct comparison with the standards used in the 1976 interla- 
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Fig. 1. Modified and internally SUMMA® treated type G-l stain- 
less steel tank of 35 1 used for ALE calibration standards. 


boratory calibration exchange [Rasmussen and Pierotti, 1978]. 
Through the fall and winter of 1977 a dozen high pressure 
(>400 .psig) tanks of clean ambient air were collected and 
calibrated against these standards. The values assigned to the 
ALE standards were the best estimates available at the time 
the project started. These are referred to as. our “working 
values." The new calibration tanks were designated secondary 
working standards. The approach served to provide a suf- 
ficient number of reference standards for laboratory and field 
use while conserving the primary standards. The design was 
also intended to check the stability of the stored mixture by 
periodic comparison of the secondary standards with each 
other apd with the parent primary standard. Such cross tests 
would reveal drift, degradation, or variable stability of the 
halocarbons measured. Periodic re-examination of the stan- 
dards, was expected to reveal changes as small as ±2% for 
Cf Cs , and N 2 0 and . ±4% for the other species (i.c., twice 
that of the precision ofanalysis). Except in the event that all of 
the secondary standards as well as the primary standards, 
each with its own concentration in the different tanks, deterio- 
rated., at a,. similar rate (a possibility considered below), the 
Y^dity of thnjlong-term stability of the standards could be 
accurately, determined- u V, - ; ■. ■ >/ . 

aciThc secondary i.standards are prepared in aircraft surplus 
(breathing .oxygen Mmks,(type G-l, 35 L static. volume). ^.The 
tanks., are paade^f st^lc^s ^teelftype 304) of a nonshatterable 
design limited to 450 psig/Their light weight (9.1kg) provides 
ease of handling and shipment The stainless steel fabrication 
was selected because it couid.be passiyated by. the SUMMA® 
ele^trppolish, .thereby greatly improving the guaUty of.the.tnir- 
'ihh^toi-ed gas compared do previously 
NPT openings on each end of 


the G-l tanks also greatly facilitated the immersion of the 


tanks in the SUMMA® solution and subsequent washing. The 
tanks are sealed at the bottom end with a stainless steel plug 
and fitted on the top with two stainless steei bellow valves 
(Niipro®, SS 4-H-4) welded to a purge tee assembly (Figure 1). 
After being assembled and leak tested, the tanks are internally 
steam cleaned and baked out (150°C) for 24 hours while being 
flushed with zero air. Measurements for the desorption of re- 
sidual halocarbon contaminants are made on the tanks (filled 
to 5 psig with a halocarbon-free air) after a week or two of 
storage. 

Since 1978 the secondary standards have been prepared at 
the Gape Meares station by cryogenically liquefying clean am- 
bient air into the tanks. This is accomplished by floating the 
tanks in liquid nitrogen (LN 2 ). When the bottom of the tank 
has reached equilibrium with the LN 2 (— 196°C), the side 
valve is opened and clean air is drawn into the tank by the 
vacuum created as liquid air forms on the bottom surface. The 
filling is accelerated by pumping air into the tank, using an 
ultra-clean metal bellow pump (Metal-Bellow Corp., model 
158). Data from the in situ real-time analyses at the Cape 
Meares station compared with the analyses of the air collected 
in the tanks during the same period show no significant differ- 
ences. The amount of air compressed is typically ~ 1000 1, 
resulting in pressures of ~450 psig. The water condensed in 
the tanks by compression is removed by draining, and the 
concentrations of CFCI 3 , CF 2 C1 2 , CH 3 CC1 3 , and CCI 4 are 
determined against the primary standards of OGC. The dew 
point of the air withdrawn from the tanks is typically —26 to 
-24°C over the pressure range of 450-100 psig. Experience 
with the standards prepared in this manner has shown them 
to have excellent stability for the ambient levels of the halo- 
carbons of interest. The stability for CCI 4 is especially impor- 
tant since storage of this species in the steel medical oxygen 
cylinders used in 1975-1976 Was of varying reliability. Also, 
the stainless steel tanks have provided excellent stability for 
CHF 2 C1, CHjCI, and CH 4 . It should be noted that before the 
air sample withdrawn from the tanks is injected into the gas 
chromatographs, it is dried to an H 2 0 mixing ratio of 700 
ppm or less by an 815 Nation® drier [ poulger and Simmonds, 
1979]. This procedure has further standardized the analysis to 


dry air. , • 

To date some 190 tanks have been prepared; 51 of them 
have been used at the five ALE stations. The stability of the 
halocarbons and N 2 0 ini these high pressure tanks is shown 
(Table 1) for three typical tanks Used in the ALE project The 
tanks were analyzed before being 'Sent to the field stations and 
upon their return. Turther ^riodiC analyses were done to 
better validate long-term stability, ofa given 1 tank and to reass- 
ure the ihtemal consistency 'in the primary calibration values. 
All of the concentrations in the lanks have been determined 
by direct ^TOmpaj^n’mth.'pnmai^ standard 033. This stan- 
dard is one of three' (oi^, 6M,.0^i) established in the spring of 
1978 that is traccahjc ^o the l?75-fi?76 primary* standards via 
&e..i^^.mt^ah^tqry\alij^hHph’jlt^ir.',)^^ i 8hoWn by the 
data In Table 1, .the precision of , analysis has improved since 
l978, essenh^y'b^use of the chMgeovCT from manual pehk 

«if peak heights 

(HP3388X 5^rfihg J lhtegra^i) I 'th '1979' J an8’' : further opti- 
mization of the instruineht (PE3920-B) dedicated to calibra- 
tion analyses. .The (Continuity, fit these calibration standards 
has been used to Pleasure the halocarbons at the South' Pole 
in Antarctica 4nd in the U.S. Pacific N?Hhwwt ,! (~45°N) 
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TABLE 1. Stability of Species in Three of the ALE Secondary Calibration Tanks 



Date 

(Month/Day/Year) 

F-U, ppt 

F-12, ppt 

CH 3 CC1j, 

ppt 

CCI 4 , ppt 

NjO, ppb 

Run 

X 

a 

X 

a 

X 

a 

X 

<r 

X 

u 

Original 

04/09/78 

167.4 

1.4 

Tank 023 
280.8 2.9 

162.8 

2.5 

143.2 

1.5 

335.2 

1.8 

Rechecked 

12/06/78 

164.8 

1.7 

280.0 

1.6 

166.0 

4.5 

1425 

0.8 

3335 

2.1 

Rechecked 

04/10/79 

167.5 

0.8 

281.3 

20 

164.7 

2.2 

145.7 

1.2 

335.5 

0.5 

Rechecked 

02/01/80 

166.8 

0.4 

279.0 

0.6 

1645 

0.8 

145.8 

0.4 

334.8 

0.4 

Rechecked 

09/03/81 

166.4 

0.8 

281.8 

26 

1629 

0.7 

144.4 

0.9 

334.6 

1.1 

Rechecked 

02/22/82 

166.8 

0.4 

280.0 

28 

163.5 

0.8 

144.3 

1.0 

336.8 

1.0 

Original 

04/09/78 

168.5 

0.6 

Tank 011 
285.3 29 

134.5 

28 

146.8 

1.5 

332.8 

1.6 

Rechecked 

12/04/78 

169.2 

0.8 

282.8 

1.1 

128.3 

1.2 

146.2 

0.8 

3323 

1.2 

Rechecked 

04/11/79 

168.0 

0.0 

2832 

1.0 

129.2 

0.8 

1442 

1.0 

333.3 

0.5 

Rechecked 

01/30/80 

168.7 

0.5 

2842 

0.8 

129.7 

0.5 

143.2 

1.5 

333.8 

0.8 

Rechecked 

08/29/80 

168.8 

0.4 

284.3 

0.8 

129.7 

0.5 

1427 

0.5 

335.2 

12 

Rechecked 

09/04/81 

169.2 

0.8 

2822 

12 

130.5 

1.0 

141.3 

1.0 

3332 

1.0 

Rechecked 

02/15/82 

169.3 

0.5 

279.6 

1.9 

130.7 

0.5 

139.2 

0.4 

334.8 

0.8 

Original 

04/09/78 

168.5 

1.0 

Tank 028 
281.5 12 

148.9 

28 

146.8 

1.9 

335.4 

1.4 

Rechecked 

01/24/79 

167.5 

0.6 

2820 

0.6 

149.0 

1.3 

146.0 

1.1 

335.0 

0.0 

Rechecked 

04/24/79 

167.8 

0.4 

283.0 

1.3 

150.7 

0.8 

146.3 

0.5 

333.3 

12 

Rechecked 

08/29/79 

167.2 

1.2 

2820 

LI 

148.7 

0.8 

145.7 

1.4 

334.3 

0.5 

Rechecked 

02/05/80 - 

168.0 

0.6 

284.5 

0.5 

1482 

1.4 

1455 

05 

3345 

0.5 

Rechecked 

05/18/81 

168.7 

0.5 

283.5 

1.8 

146.7 

1.4 

1452 

0.8 

334.5 

0.6 

Rechecked 

03/12/82 

168.3 

0.4 

281.8 

0.4 

147.7 

1.0 

145.1 

0.7 

335.8 

1.1 


during January of each year from 1975 to 1980 [Rasmussen 
and Khalil, 1981], 

Propagating standards (especially for CFG 3 ) within the 
same margin of precision (±1%) as required of the precision 
of analysis (< ± 1%) has been a major part of the experiment 
Verifying the stability of halocarbons and N 2 0 in these sec- 
ondary standards required that the tanks be rechecked every 
few months to once a ; year. The standards are usually cali- 
brated twice before being sent to a field station, upon return 
and periodically thereafter. This system of periodic cross cali- 
brations began in 1977. 

Figures 2a, 2b, 2c, and 2d shows the stability of CFCI 3 , 
CFjQj, CH 3 CC1 3 , and CCI 4 in the first tanks used in 1978 for 
several months at Adrigole, Barbados, Samoa, and Tasmania. 
Some of the tanks were redeployed in the field after being 
rechecked at the Oregon Graduate Center (OGC). This is pos- 
sible since the initial tank pressures are >400 psig, and < 100 
psig are used during the field calibration period. Tests have 
shown that the halocarbons and N 2 0 are unchanged in the 
tanks down to pressures of <100 psig. The data plotted are 
the percent changes from their originally assigned values de- 
termined by analyses against one or more of the primary stan- 
dards. For example, the CFC1 3 concentration in the tanks is 
~ 170 ±1 pptv/v. The ±0.5% deviation shown in Figure 2a 
for CFClj after nearly 4 years is equivalent to 0.8 pptv/v, 
which is within the overall accuracy required of the measure- 
ment Similar results are shown in Figures 2b, 2c, and 2d for 
CF 2 C1 21 CH 3 CCl 3 ,and CC1 4 . 

The data in the graphs have been analyzed mathematically 
and the condition drawn that there is little change in the 
assigned values^ of any of the species in the tanks. The calcu- 
lated average drift Tor all of the tanks showed no statistical 
change at the a = 0.05 level. Similarly, when each tank was 
considered individually, none was found to be drifting at sta- 


tistically significant rates, a = 0.05. Inspection of Figures 2a, 
2b, 2c, and 2d indicates that the greatest changes between 
successive analyses occurred in the first 12-14 months after 
the calibration began. Changes in the experimental procedures 
and greater accuracy in the electronic measurement of the 
chromatographic peaks during this period are believed to be 
responsible for the improvement. 

Further analyses were performed to determine if the con- 
centrations of a given spedes (CFCI 3 , eta) stored in similar 
tanks under equivalent conditions could drift at the same rate. 
The principle source of any such steady state drift is presumed 
to be a heretogeneous surface reaction. The basis for this con- 
cern was that all of the ALE secondary standards are stored 
under identical conditions of tank type (G-l, type 304 SS), 
volume (35 1), pressure (>400 psig), and represent a limited 
concentration range of 100-200 pptv/v. In this respect, hetero- 
geneous reaction on the walls of the flasks could be important 
Therefore, 26 air samples collected cryogenically in May- June 
1978 in smaller 1.6 1 stainless steel bottles were studied over an 
equivalent period similar to the' analysis schedule for the 
larger ALE tanks. These samples were equivalent in con- 
centration range (90-180 pptv/v), pressure (>400 psig) and 
type (304 SS). The only major difference was the smaller 
volume-to-surface ratio of 0.99 for the 1.6 1 bottles versus 2.46 
for the 35 1 ALE tanks. Table 2 shows the statistical analysis 
comparing the concentrations of CFCI 3 , CF 2 CI 2 , CH 3 CC1 3 , 
and CC1* determined after 26 months (A t ) and 42 months (A 2 ) 
against the original values referenced to the same primary 
standards at the 95% confidence limit The quoted errors do 
not include the uncertainty in the assigned values of the 35 1 
ALE tanks. , j ‘ 

For the species CFC1 3 , CF 2 Q 2 , and CH 3 CC1 3 the 1.6 1 
tanks do not show any decrease relative to the ALE tanks and 
hence refute any hypothesis that the levels in the tanks are 
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YEARS 

Fig. 2 a 


Fig. 2. Peroent changes of CFC1 3 , CF 2 CL 2 , CHjCCIj, and CCI 4 from original values as determined against primary 
standard in subsequent analyses over 4 years. Assigned concentrations in pptv at time 0: (a) CFCI 3 : 022, 169; 012, 170; 
028, 168; 020, 169, 032, 174; 036, 174; 023, 167; 004, 169; 017, 168. (6) CF,a,: 022, 283; 012, 285; 028, 282; 020, 284; 032, 
292 ; 036, 293; 023, 281; 004, 282; 017, 285. (c) CH 3 CCI 3 : 022, 143; 012, 150; 028, 149; 020, 143; 036, 137; 023, 163; 004, 
144; 017, 134.(4) CCi 4 :022, 144,012, 148;028, 147;020, 146;032, 151; 036, 151; 023, 143;004, 145. 


declining due to heterogeneous surface reactions, which would 
result in a relatively greater concentration decline in the 1.6 1 
tanks than in the 35 1 tanks. 

The slight increase in the 1.6 1 tanks (e.g, CF 2 C1 2 ) com- 
pared with the 35 1 tanks is of unknown origin. In these small 
tanks any volume dependent effect, such as outgassing from 
the PTFE tape used to seal in the valve, would be magnified 
by a factor of 22 over the effect in the 35 1 tanks. If such a 
phenomenon is the origin of the slight increase in the 1.6 1 
tanks, the magnitude of the increase for the 35 1 tanks is 
negligible. 


For the species CCI 4 the concentration in the 1.6 1 tanks 
relative to the 35 1 tanks is shown in Figure 3. The behavior is 
clearly variable. Four of the tanks lose 45-80% of their CC1 4 
in 26 months, four other 1.6 1 tanks lose 10-20% in 42 
months, and the remaining 18 tanks form a group spread 
around 7% change. The least square fit line for this subset is 
—0.2% year -1 ±0.3% year -1 ; clearly the eight rapidly de- 
creasing tanks are not typical of the ALE tanks, as the relative 
calibration of the ALE tanks does not show any such rapidly 
declining tanks. The ALE tanks (see insert in Figure 3) are 
more typical of the subset of the 18 1.6 1 tanks. From this 
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subset we estimate the decline of the ALE tanks from hetero- 
geneous surface reaction could be —0.2 + 0.3% year -1 /L4 
or —0.15 ± 0.2% year" 1 or —0.2 ± 0.3 pptv year - 

This result is not statistically different from zero, but is 
indicative of a slight decline. 

Absolute Calibration 
Exponential dilution 

This method involves dispersing uniformly an accurately 
measured amount of a pure compound (~1 mg level) into a 
known volume of sufficient size to give in a single almost 
error-free step an aerial concentration at a part per billion or 
less. The known volume can conveniently be a scaled empty 
room or capacity 50-100 cubic metres. If the room were her- 
metically sealed and the walls were made of material which 
was wholly inert to the test vapor, the vapor concentration 
would persist indefinitely and the air of the room would con- 
stitute a primary standard, in practice, although possible, the 
construction of a room to these specifications is expensive. A 


more realistic alternative is to take a room of more conven- 
tional construction and arrange to provide it with positive 
pressure clean air ventilation at a known rate and also to keep 
the air of the room vigorously stirred by using a powerful fan. 
In these circumstances, the vapor concentration in the room is 
uniform but is undergoing dilution at a constant rate. By 
observing the rate of decay of the test vapor and also that of 
some reference gas, such as hydrogen, the concentration at the 
time zero can be found which corresponds to that which 
would persist in an ideal leak-free room. Furthermore, since 
the vapor concentration nearly always decays exponentially, 
the logarithm of its concentration is a linear function of the 
elapsed time from the start of the dilution. Accurate standard 
concentrations down to one tenth the initial concentration can 
be established from the rate of dilution and the elapsed time. 
The decay'of concentration C with time t is that of a first- 
order reaction 


dC U 

— *= — — c 

dt V 


( 1 ) 






8374 


Rasmussen and Lovelock: ALE Calibration 


TABLE 2. Time Course Changes in Halocarbon Concentrations in 
1.6 I Bottles 



A'„ PPtv/yr 

A'j. pptv/yr 

CFClj 

0.13 (±0.4) 

1.2 (±0.4) 

CF 2 C1 2 

1.4 (±0.6) 

0.3 (±1.0) 

CHjCCIj 

-0.4 (±0.4) 

1.5 (±0.6) 

CC1 4 

-1.4 (±1.0) 

-1.4 (±1.0) 


where V is the chamber volume and U the flow rate of venti- 
lating air, or equivalently 

In C(f) = In C(0) — -p t (2) 

From (2) it follows that the logarithm of the concentration is a 
linear function of time from the start of the dilution and that 
the intercept at time zero is the logarithm of the concentration 
expected for an ideal leak-tight chamber. 

In practice, there may be a constant concentration of the 
test substance in the ambient air C,. Equation (2) then be- 
comes 

In [C(r) - CJ - In [C(0) - C.] - ^ t (3) 

It is usual to take measurements of the incoming air for 2 
hours before and after a dilution experiment so that the quan- 
tity C, can be found and seen to be constant. 

The dilution chamber was constructed from plaster board 
fastened to a rigid wooden framework. The lines of contact 
between the plasterboards were sealed with masking tape and 
the entire room was then covered with three coats of a water- 
based acrylic resin paint. The chamber was supported inside 
the upper part of an ancient bam, the lower part of which 
housed the ventilation blower, and analytical and other equip- 
ment. 

The chamber was stirred by a meter diameter axial flow fan 
mounted 30 cm above the center of the flood of the chamber. 
The mixing time was measured by releasing hydrogen and 


observing the time to reach a steady constant level with a 
continuous hydrogen analyzer. It was 20 s for 95% mixing. 
The chamber was ventilated by blowing in air drawn from a 
point outside and upwind. For this, an industrial vacuum clea- 
ner was used which gave a flow of 100 m 3 h _I and hence a 
ventilation rate of 2 h _I . The ventilation rate was kept con- 
stant by controlling the motor speed electronically. No at- 
tempt was made to measure the air flow of the ventilating 
blower. The rate of chamber ventilation was instead taken 
from the observed decay rate of the reference gas hydrogen 
and sometimes from the decay rate of other gases such as 
N 2 0, CF 2 C1 2 , and CF 2 CIBr. 

The air inside the chamber was passed out for analysis or 
storage by two stainless steel bellow pumps (MB-I58, Metal 
Bellows Corp.). One of these passed air from the chamber to 
the analytical laboratory along 100 m of 3 mm diameter alu- 
minum tubing; the other was used to fill stainless steel sample 
vessels of 1 1 capacity to a pressure of 2 atm. When filling 
these vessels they were flushed for 5 min with air from the 
chamber before the valves on the vessel were closed at the 
time chosen to store the air sample. The air received in the 
laboratory from the chamber flowed at 1 1 min -1 and all but 
0.03 1 min -1 were passed to waste. The small remainder 
flowed continuously through a sample loop usually 0.5 ml in 
volume and mounted in the oven of the gas chromatograph. 
The pressurized vessels were analyzed by using the same 
sample loop and analytical system. 

The temperature and atmospheric pressure were recorded 
during each experiment. The chamber is sited about 1 km 
from the nearest other inhabitation (a small farm house) and is 
about 20 km from the Atlantic Ocean on the northwest coast 
of the southwest peninsula of England. Dilution experiments 
are made only on days when the air mass over the region is 
oceanic and when the wind is blowing from a westerly quarter. 
As a further check for clean air the presence of trichloroethy- 
lene and tetrachloroethylene in the air are taken as indicators 
of pollution. 

The gas chromatograph was a Hewlett Packard 5830A, and, 
wherever possible, the same columns and conditions of analy- 



Fig. 3. Percent change in 1.6 1 CO* values versus ALE (35 1) CCI 4 values. 
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sis as those used in the ALE stations were used. For nitrous 
oxide and the lighter fluorocarbons, a column of glass 150 cm 
long and 5 mm internal diameter filled with Porasil B was 


used, usually at 50°C and with a flow rate of the carrier gas of 
30 ml min -1 . For the other halocarbons, a 300-cm column 
also of 5 mm diameter glass filled with 12% OV101 on 
Chromosorb W (100-120 mesh) was used. The temperature of 
this column was also 50°C, but the flow rate was usually 40 ml 
min -1 . The detector was a Hewlett Packard electron capture 
detector with a radioactive source. This detector differed from 
the commercial version in that the ceramic insulator had been 
replaced with a PTFE version. This was found necessary since 
the original insulator had a resistance of approximately 1000 
megohms above 300°C (a potential source of inaccuracy). 

The detector was operated in both the constant current 
variable frequency mode (CQ, where the frequency is the 
signal, aqd in the constant pulse fixed frequency mode (FF), 


where the detector ion current provides the signal. In either 
mode the operating conditions of the detector (i.e„ temper- 
ature, flow rate, etc.) were identical The carrier gases used 
were cither 90% argon 10% methane mixtures or nitrogen. 
With both gases, traces of oxygen and other electron- 
attaching contaminants were removed by doping the. gas with 
about 0.1% of hydrogen and then passing it through a reactor 
filled with palladium catalyst at 300°. When operated in the 
constant pulse frequency mode, the detector for CFd 3 and 
CC1 4 can also function as an internal standard arid provide an 
independent absolute analysis. The theory and practice of this 
independent “coulometric” method are described later in this 


paper. _ 

In most of the experiments the text mixture was prepared 
by a vacuum volumetric procedure! Pure samples of halocarb- 
ons were degassed by freezing and thawing oh a vacuum line 
and then used to fill an accurately known volume (5.023. ml) 
with vapor at a known pressure in the range 10-40 torr. The 
pressure was measured by a calibrated glass bourdon gauge 
and by a silicone fluid manometer. The volumetric sample was 
then frozen into an evacuated ampoule held at — 180°C in 
liquid nitrogen. The ampoule was sealed, by a gas flame while 
the sample was still frozen in the liquid nitrogen. 

In a few experiments the less volatile halocarbons were pre- 
pared gravimetrically by .adding them from a 10 microliter 
syringe to a weighed volume of heptane in , a small flask.. The 
quantity added was found by reweighing. The reference gas 
hydrogen was introduced .from jt .^.02 jn J pressure vessel in 
which it was held at 3. atm pressure.. Both the hydrogen and 
the test vapors were at the point of 

input of. the ventilation blower sp. as to ensure a rapid mixing 
with the chamber sur. The glass ampoule was broken either 
manually or by an electrically driven vice. In a typical experi- 
ment, air samples from the chamber, with the fan and pumps 
running, were taken t and, analyzed r at J5 min intcryaJs for 2 
hours. The samples weie ,then fntr^uqwl and analysis contin- 
ued for, 5. more , jiouh,^ At! cbqsen, times Rafter the start oif the 

experiment, jiressuje jvwsschs* rc , filled ^ ^thCah ./rom the, 

— -‘.-A 1-. i-aL 


* -f- j 1 ft.xr is; v.*- .* rriv. it. 


^pmhr, .A » 

CFClj and CPU-,fe^<^,l^e f cUpr9flupro<^bons^^ hy- 
drogen show a yemaxkable Agreement, pxceUent jinearity, and, 
a very high mea-. 

sured using a , tlierinal conductivity jdetwddr "yiqth , air as.'tibe 




Fig. 4. Least square line of exponential dilution results for CFC1 3 
and CCI*. 


earner gas. The concentration covered was from between 0.1 
and 1.1 down to 100 ppm. No independent check of linearity 
of the response of the detector over this range was made. Less 
satisfactory results were obtained for methyl chloroform and 
CC1 4 , where strong evidence of adsorption, probably on the 
glass ampoule, is shown by the anomalously low values of the 
first observations evident in Figure 4 (bottom). The following 
sources of errors have been uncovered: (i) a sample loop 


which adsorbed some of. the test compounds; (2) fluctuations 
in the rate of flow of ventilating air; (3) adsorption of sample 
on the surfaces of the glass ampoule in which the sample was 
introduced to the chamber; (4) inaccuracies in the automatic 
integration of peak areas, by the chromatograph; and (5) slow 
Changes in detector, sensitivity usually attributable to the 
emergence of contaminants from the column. 

Each of these has been treated individually, and there has 
been a marked improvement in the quality of the measure; 
pjimts, The mostin tractable problems are thqse due to. the 
adsorption of the test substances on surfaces, particularly that 
of, the ampoule used^tp .dispense, tte sample nfixture.,For the 
less volatile compound^ meUiyi, chloroform and carbon tetra- 
clfioridi tto problem ^^pt yej/bccn overcome , 

^.jThe shmdaid imm^les pr^^^ 

chamber bayeTieen used |^ t jagrf 
()44,at ,ieyels By usfoga ,5 ml 

sample loop (as at jthe^^E,stations) jtjyas foundthatdilutipn 
in the chamber could not be followed accurately much, below 
f^fiines the Mnbient.OTpwntraripn.pf^the twt.substance-To 
allow for .calibration jun, .range ^cpncratrajiora around 
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Fig. 5. Statistical distribution of exponential dilution results for 
CFCIj and CF 2 C1 2 . 

and below ambient levels, the expedient of using a smaller 
sample loop was used. A loop size of 0.7 ml was chosen so 
that at a total concentration of abqut7 times, ambient the 
same chromatographic peak area was obtained as with ambi- 
ent air in a 5 ini loop. The accuracy of the 0.7 ml/5 ml sample 
loop volume ratio was verified experimentally as follows. The 
sample loops used in calibration by exponential dilution were 
always calibrated by filling with water and weighing. A trace 
of surfactant was added to the Water to avoid the trapping of 
small bubbles. The uncertainty about their volumes and the 
ratio of than is likely to be one of the lesser sources of error. 
Figure 5 shows the statistical distribution of the results from 
the 59 inde^ndcnt 'exponential dilution-calibration experi- 
ments conducted to date for CFCIj and CF 2 Cl 2 .Tn this figure 
a fiormal dr gailssiaii distribution of data would be repre- 
sented by a straight line vrith its’intercept ori' the 50% line 
being the meah'Valuei'lh'the' real data^ a slightiy skewed gaus- 
rian i distribution ! is evident for both CFCIj and CF 2 Clj ; the 
distributions at® nari 6 wer on' the' high mixing ratio side than 

for titis.'idiight'skew- 

fie&’iue not ^iniideot.'f •* ■*'< 1 

” ’Table 3 summarizes themeans and standard deviations in 
the’ various series of experiments carried out over the past 2 


years which collectively comprise the total of 59 experiments 
conducted to date. We note that the mean values for CFC1 3 
(177 pptv) and CF 2 C1 2 (294 pptv) are only 1 and 3% lower 
than the working values for ALE standards 043 and 044, re- 
spectively. 

The problems with the performance of methyl chloroform 
and CC1 4 in the dilution chamber noted earlier are at present 
sufficiently severe to prevent a precise determination of their 
concentrations in the ALE standards. 

Coulometry 

A few molecular species, particularly halocarbons, are ion- 
ized irreversibly by their reaction with free electrons in the 
electron Capture detector. Moreover, experiments indicate that 
for each molecule ionized one electron is lost. This intensely 
ionizing reaction can therefore serve as the basis of a gas- 
phase coulometer in which absolute measurements of trace 
quantities of halocarbons is possible. 

The general principles and details of suitable coulometric 
detectors have been described by Lovelock et al. Love- 

lock [1974b], and Lovelock [1978].. Briefly, it is possible to 
calculate for known analytical conditions the fraction / of a 
compound which is ionized. Hence, with the detector in the 
constant pulse frequency mode, the chromatographic peak 
area in coulombs is obtained, and after dividing by / an esti- 
mate of the number of molecules present can be found by 
applying Faraday’s Law. The quantities which need to be 
known for this calculation are the total rate of injection of 
electrons by ionization, the recombination rate of electrons 
and positive ions, the gas flow rate, the rate constant for the 
reaction between the compound and free electrons, and the 
loss rate of electrons by diffusion to the walls and electrodes. 
All of these are either known or can be determined experi- 
mentally. 

Coulometry was used to determine the absolute con- 
centrations of CFCIj and CC1« in the first reported measure- 
ments of their atmospheric abundance ILovelock et al, 1973]. 
The choice of this hovel calibration procedure was dictated by 
the then extreme difficulty of accurately preparing standards 
at the parts per trillion level, particularly in view of the high 
background of halocarbons in a laboratory environment 
Since that time the method has not been extensively utilized, 
and its accuracy has been occasionally questioned [e.g., Na- 
tional Academy of Sciences, 1975]. However, the experiments 
of Lovelock et.al. [1971] and Lovelock [1978] have recently 
been independently confirmed under more rigorous experi- 
mental conditions by Grimsrud and Kim [1979] and dobby et 
of. [1980]. Based on this, we must regard coulometry as a 
legitimate alternative method for determining absolute con- 
centrations, at least for the strongly electron-absorbing species 
CFCIj and CC1 4 . 

The results of 33 analyses of CFCIj and 16 of CC1 4 in ALE 
standards 043 or 044 by coulometry are shown in Table 4. 
The absolute concentration (166 pptv) estimated for CFCIj in 
the ALE tanks is 6% less than obtained from the exponential 
dilution experiment using the ECD in the constant current 
mode. These results lie well within the standard deviations of 
the estimates made fry the totally independent exponential 
dilution technique (Table 3). In Table d a value is also given 
for CF 2 Q 2 even though this compound cannot be accurately 
estimated by coulometry. The value determined (282 pptv) is 
based on the assumption that the same ratio of CFGlj/ 
CFjClj is measured by the ECD in the coulometry mode as in 
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TABLE 3. Calibration of ALE Standards 043 and 044 by Exponential Dilution 



CFC1 

3. PPtV 

CFjClj, pptv 

Number 

of 

Experiments 


Mean 

Standard 

Deviation* 

Mean 

Standard 

Deviation* 

Experiment 
March-July 1979 

173.8 

±22.5 

275.2 

±28.0 

21 

July-Sept. 1979 

182 

± 5.4 

314 

± 4.2 

15 

Nov. 1979 to Feb. 1980 

1722 

± 7.7 

294 

±12.3 

12 

April-Oct. 1980 

179.9 

± 3.6 

307.6 

± 7.9 

11 

Totalf 

177 

±15(±2)t 

294 

±24{±3)t 

59 

Working valuesf 
043 

178 

±5%{ 

302 

±10%{ 


044 

179 

±5% 

305 

±10% 



•The probable error of a single dilution experiment involving 15-20 analyses is usually 0.5%. The 
standard deviations given fire for the quoted number of independent dilution experiments carried out 
over the time periods indicated. 
fValues quoted to nearest pptv. 
fError in the mean (divide standard deviation by y/59) 

{Absolute accuracy of working values estimated in 1978. 


the constant current mode. Both modes provide the very accu- 
rate ratioed measurement of CFCI 3 /CF a CI 2 as long as the 
operating conditions of the detector are the same. Accord- 
ingly, CFClj is in effect an internal standard between the two 
modes, and the concentration of CF 2 C1 2 * s locked in by its 
ratio to CFClj. Therefore, the estimate of CF 2 C1 2 by coulo- 
metry, albeit indirect, is a valid independent method for calcu- 
lating the absolute concentration of CF 2 Q 2 in the ALE stan- 
dards. As far as CC1 4 measured in the ALE standards 043 and 
044 is concerned, coulometry has indicated values in. the range 
of i 07-1 37 pptv with a’mean value of 122 ± 7 pptv in the two 
ALE standards. 


for a given specjes should be multiplied, will be based on the 
best information available at that time on absolute calibra- 
tion. At the moment our best estimate for this factor for 
CFClj and CF 2 Cj 2 is obtained by averaging with equal 
weight the results of the two independent calibration studies 
described. The factors (with estimated 2<r error) are 

CFClj 

177(4:4) + 166(±2) 

C 2 x 178.65 

= 0.96 ±0.02 


Calibration Factor 

The absolute calibration of the ALE. working data set is 
based on comparisons with the ALE primary standards whose 
absolute concentrations were determined by static dilution 
techniques as discussed. For consistency in the ALE program, 
the values assigned to these working standards are not altered 
as a result of the independent checks of absolute calibration 
and calibration propagation using the exponential dilution 
and coulometry experiments. Rather, at any particular time 
the appropriate factor {, by which ail the ALE mixing ratios 


CF 2 a 2 

t _ . 294(±6) -I- 282(±4) 

2 x 303.5 

= 0.95 ±0.02 

The absolute calibration factor { for CH 3 CQ 3 is poorly 
known. Based on independent exponential dilution and coulom- 
etry analyses we deduce £ = I ± 0.15 (lq). Further work is 
clearly needed before a more precise statement can be made. 
Absolute calibration for CC1 4 is, at present, relatively 



TABLE 4. Calibration of ALE Standards 043 and 044 by Coulometry 



CFClj. 

ppiv ' ,v; ’- - v 

CFjd* 

pptv* 


CCVpptv 

Number 

of. 

Experiments 


Mean 

Standard 

Deviation 

Mean 

Standard 

Deviation 

Mean 

Standard 
• ! ' Deviation 

Experiment 








Feb. 1979 

166.3 

±4.1 

2827 

±7.0 

117.8 

±8.1 

6 

June 1979 

169.0 

±2.3 

2879 

±3.9 



6 

Aug. 1979 

167.3 

±22 

284.4 

±3.7 

125.4 

±5.5 

10 

Octl 1980 

164.4 

±49 

279.5 

±89 



11 

Totalf 

166 

±5(±l)t 

282 

±8(±2)f 

122 

±7(±2)f 

33 

Working valuesf 
043 

178 

±5%{ 

302 

±10%{ 

150 

±20%{ 


044 

179 

±5% 

305 

±10%{ 

14? 

±20% 



•Derived assuming that the ratio of CF 2 Q 2 to CFClj is as determined by the exponential dilution technique, 
t Values quoted to nearest pptv. 

JError in the mean (divide standard deviation by s/33 and/or s/l6). 

{Absolute accuracy of working values estimated in 1978. 
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poorly defined. The calibration factor £ based solely on the 
coulometry studies if £ = 0.81 ± 0.03 (2tr). The absolute 
calibration factor f for N 2 0 is still being determined and will be 
reported separately. 

Conclusions 

Maintaining high precision in the relative calibrations of 
CFClj, CFjClj, CH 3 CC1 3 , and CC1 4 during the source of the 
ALE program has been very successful. Overall, the con- 
centrations of the trace gases in the ALE cal tanks have been 
exceptionally stable. Periodic audits made over 4 years of the 
assigned concentrations against primary standards have 
shown no drift for any of the five species. TTiis is quite remark- 
able for CC1 4 since this species has a reputation for disappear- 
ing in stainless steel vessels over time. However, an experiment 
using similar type samples, containers, and conditions but of 
very different volume to surface ratios demonstrated that even 
the trace levels of CC1 4 at the ~ 140 pptv level did not change 
in 4 years. The exquisite stability of all of the species in the 
ALE calibration standards used during the course of the ex- 
periment is very important for calculating their lifetimes. Actu- 
ally, a series of internally consistent and very accurately deter- 
mined relative calibrations standards was a higher requisite of 
the study than absolute accuracy. 

Two studies, exponential dilution and coulometry, suc- 
cessfully determined independently the absolute calibration 
values of CFClj, CF 2 CI 2 , and CC1 4 assigned to the ALE pri- 
mary standards. The results of the exponential dilution experi- 
ment gave mean values for CFCI 3 and CF 2 C1 2 only 1 and 3% 
lower, respectively, than the values assigned to the ALE stan- 
dards. Correspondingly, the coiilometric method suggested 
that CFClj values In the ALE standards were 6% lower than 
those obtained with the exponential dilution method. How- 
ever, the coulomctric value for CQ 4 was ~20% lower than 
that assigned to the ALE tanks. Accordingly, appropriate fac- 
tors, £, by which all of the ALE mixing ratios for a given 
species should be multiplied to obtain the best estimate of 
absolute value were determined during the course of the study. 
These adjustments are submitted only for the purpose of pro- 
viding a reliable estimate at this time and should not be con- 
strued to be the permanent values. As regards absolute calir 
bration, more work is needed before ail of the uncertainties in 
the CFClj, CF 2 C1 2 , CHj<X 3*’ : 'and CQ* absolute con : 
centratioris are minimized. ■ 1 ' , 
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The Atmospheric Lifetime Experiment 
3. Lifetime Methodology and Application to Three Years of CFC1 3 Data 

D. M. Cunnold, 1,2 R. G. Prinn, 2,3 R. A. Rasmussen, 4 P. G. Simmonds, 5 F. N. Alyea, 1,2 
C. A. Cardelino, 1,2 A. J. Crawford, 4 P. J. Fraser, 6 and R. D. Rosen 7,8 

Observations of the chlorofluorocarbon CFQ 3 obtained several times daily over the period July 1978 
to June 1981 at Adrigole, Ireland (52°N, 10°W); Ragged Point, Barbados (13°N, 59“W), Point Matatula, 

American Samoa (14°S, 17I°W); and Cape Grim, Tasmania (41°S, 145°E) are reported. In addition, 
observations at Cape Meares, Oregon (45'N, 124°W) are given for the period January 1980 to June 1981. 

On January 1, 1980, the average mixing ratio of CFC1 3 in the lower troposphere is estimated to have 
been 168 pptv, and this is calculated to have been increasing $.7% annually. An optimal estimation 
procedure for deriving the atmospheric lifetime of CFC1 3 by using a nine-box two-dimensional model of 
the atmosphere is described. In this procedure, model parameters are estimated based upon minimizing 
the differences between the temporal trends observed and those calculated in the two-dimensional model. 

Assuming that the only destruction of CFC1 3 occurs in the stratosphere, the lifetime, on January 1, 1980, 
estimated by the trend technique is 83 2 ] 3 years; the lifetime estimated from the global inventory of 
CFC1, is 70! ?« years. The maximum likelihood current lifetime estimate obtained by combining the 


estimates from both analysis techniques is 78 years. 


1. Introduction 

The compound trichlorofluoromethane (CFC1 3 ) is a re- 
markably inert atmospheric constituent that appears to have 
an exclusively anthropogenic origin. It is important both as a 
source of chlorine atoms in the stratosphere which can cata- 
lytically destroy ozone [ Molina and Rowland, 1974a, b; Stol- 
arski and Cicerone, 1974] and as an absorber of infrared radi- 
ation which contributes to the energy balance of the earth 
[Ramanathan, 1975]. 

The possible impact of CFC1 3 (and other related halocar- 
bons) on the ozone layer has resulted in an extensive research 
program involving atmospheric and laboratory measurements 
together with a variety of models designed to study the com- 
plex chemical, dynamical, and radiative interactions which are 
involved in the maintenance of the ozone layer [see NASA, 
1979; World Meteorological Organization, 1981 for extensive 
reviews]. 

Current models predict that if CFC1 3 (and CF 2 C1 2 ) were to 
continue to be released into the atmosphere at the rates preva- 
lent in 1977, the steady state reduction of stratospheric ozone 
that will be reached about 200 years in the future would be 
5-9% [ [National Academy of Sciences, 1982], These predic- 
tions assume that the sole important sink for both CFC1 3 and 
CF 2 CI 2 is stratospheric photodissociation and that current 
models are correctly calculating the photodissociation rate. 
Owing to the correlations that exist between ultraviolet fluxes 
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and CFC1 3 or CF 2 G 2 concentrations in the stratosphere a 
two- or three-dimensional model is required to predict accu- 
rately the global photodissociation rates and thus the atmo- 
spheric lifetimes of these species. Using a two-dimensional 
model, Ko and Sze [1982] and Owens et al. [1982] predict a 
lifetime for CFC1 3 at steady state of 65 years and 60 years, 
respectively, while Golombeck [1982], using a three-di- 
mensional model, predicts a present-day lifetime for CFCI 3 of 
78 years. These lifetimes differ because the present ratio of 
tropospheric to stratospheric CFC1 3 concentrations is greater 
than that at steady state due to the 3-4 year transport time 
between the surface and the middle stratosphere. Both models 
assume 0 2 and 0 3 ultraviolet cross sections that are appar- 
ently too large to explain recent in situ measurements of 
stratospheric ultraviolet fluxes {Frederick and Mentall, 1982]. 
Thus, these predicted lifetimes may be significantly larger than 
the true lifetimes for CFC1 3 photodissociation. 

Measurements of CFC1 3 available prior to 1978 were not 
sufficiently accurate to enable an experimental determination 
of the present day CFC1 3 lifetimes other than to rule out 
lifetimes less than ~ 15 years [Sre and Wu, 1976; Jesson et al., 
1977; Cunnold et al, 1978]. The determination of the true 
lifetime of CFC1 3 is of paramount importance in assessing the 
potential impact of CFC1 3 on the ozone layer. For example, if 
the present lifetime of CFC1 3 were 39 years instead of 78 years 
as quoted above, the predicted steady state reduction of ozone 
by CFCI 3 would be only about 50% of that predicted in 
current models. 

Based on a theoretical study by Cunnold et al. [1978], the 
Atmospheric Lifetime Experiment (ALE) was initiated in 1978 
and was designed to measure accurately the rates of increase 
of CFC1 3 , CF 2 G 2 , CH 3 CG 3 , CCI 4 , and N 2 0 and to use this 
data to estimate lifetimes for the four halocarbons. An over- 
view of the experiment is provided in Prinn et al. [this issue 
(a)]. The ALE utilizes automated dual-column electron- 
capture gas chromatographs that sample the background air 
about four times daily at the following five globally distrib- 
uted sites: Adrigole, Ireland (52°N, 10°W); Cape Meares, 
Oregon (45 : N, 124°W); Ragged Point, Barbados (13=N, 
59°W); Point Matatula, American Samoa (14°S, 171°W); and 
Cape Grim, Tasmania (41°S, 145°E) Details of the instrumen- 
tation are also provided in Prinn et al. [this issue (a)], and the 


8379 



8380 


CUNNOLD ET AL.: ALE METHODOLOGY AND APPLICATION TO CFClj 


0 


200 


I 

l 500 


000 


1000 

•0*N 30*N 0 30*$ »0*S 

LATITUDE 

Fig. 1. Schematic of the nine-box two-diminstonal model of the 
atmosphere. Values of the diffusion coefficients t tJ and inverse advcc- 
tion times V tJ are given in Table 1. Atmospheric release of halocarb- 
ons is assumed to occur directly into boxes 1, 3, 5, and 7. 
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methods for on-sile calibration of the data are given in Ras- 
mussen and Lovelock [this issue]. 

In this paper we first present the details of an optimal esti- 
mation technique which is used in this and in subsequent 
papers ICunnold et al., this issue; Prinn et al., this issue (b); 
Simmonds er al., this issue; R. A. Rasmussen et al., unpub- 
lished manuscript, 1983] to analyze the ALE data for the five 
species measured in the program. We then present the global 
data set obtained specifically for CFC1 3 during ALE and dis- 
cuss the estimates of CFCI 3 from industrial sources during 
and prior to the ALE measurements. On the basis of these 
measurements and emission estimates we then analyze the 
CFC1 3 trends and total atmospheric content to determine its 
atmospheric lifetime. The analysis includes a careful assess- 
ment of all possible sources of error so that the accuracy of 
our final lifetime estimates can be quantified. 

2. Data Analysis Technique 

The lifetime of each ALE species determined from the ALE 
data is based on the equation [ Cunnold et al., 1978]; 


L 1 (I) 

Xo dt Jo' df r 1 ' 

where Xo * s the globally averaged mixing ratio of the ALE 
species, f(r) is the historical information on the worldwide 
release of the species (for CFClj see Chemical Manufacturers 
Association (CMA) [1982] and r is its atmospheric lifetime. 
The lifetime determination is thus based on temporal trends 
observed in the ALE data. This approach minimizes the effects 
of uncertainties in absolute calibration and release [ Cunnold et 
al., 1978]. However, the trend for In Xo (where In denotes the 
natural log) is not constant in time, and it is thus inappro- 
priate to determine merely the trend in ALE data by using a 
linear regression analysis. A more sophisticated approach is 
needed to provide the best estimate of atmospheric lifetime 
from the ALE observations. 

The lifetime analysis uses optimal estimation theory [e.g., 
Gelb, 1974], A simplified picture of how this mathematical 
procedure is applied to the ALE data is obtained by assuming 
that the ALE measures Xo (which of course it does not). Equa- 
tion (1) then represents our numerical model in which the 
unknown parameter r is to be estimated from the data. By 
using (1) and an a priori estimate of the lifetime (r 0 ), the trend 
D( - d[ln Xol/dt) is first calculated for each month of the ALE 
observations based upon the global release data for the appro- 
priate ALE species. By changing the lifetime slightly (i.e., 
Ar/t « 1), the derivative Ar/A D is also calculated. Then the 
estimate of the lifetime provided by the ALE data would be 

where 6 is the monthly trend derived from the ALE data and 
N is the number of months of observation. 

The optimal estimation approach possesses several con- 
venient mathematical features that makes it particularly useful 
for supplying the best estimate of the lifetime. It can be ap- 
plied recursively so that each month of data can be analyzed 
sequentially as it is received; the lifetime estimate at the end of 
any month of data reflects all the data analyzed prior to that 
time. Because the contribution to the estimate from an indi- 
vidual month of data is weighted by o m ~ 2 , where <r„ is the 




TABLE 1. Transport Parameters Used in the Two-Dimensional Model 

. ,r. . 


Pressure, 

mbar 

Latitudes 

Parameters 

Winter, 

Dee.-Feb. 

Spring, 

March-May 

Summer, 

June-Aug. 

Fall, 

Sept.-Nov. 

750 

30°N 

f 13 (days) 

116 

116 

261 

139 


0 

*33 

495 

712 

363 

712 


30°S 

*37 

167 

167 

116 

116 

350 

30°N 

>24 

29 

35 

85 

52 


0 

*46 

124 

178 

124 

178 


30 C S 

*61 

52 

42 

29 

42 

500 

ail latitudes 

*21 = *4J = *45 — 

38 

38 

38 

38 

200 

all latitudes 


1440 

1440 

1440 

1440 

750 

30°N 

Ki 3 -‘ (days) 

-1506 

581 

1882 

-442 


0 

v*r' 

-69 

-376 

50 

126 


30° S 


1506 

1075 

753 

1506 

350 

30°N 

v»-' 

1506 

-581 

-1882 

442 


0 

F*.-‘ 

69 

376 

-50 

-126 


30° S 

F t ." 

-1506 

-1075 

-753 

-1506 

500 

48.6'N 

K*," 

-1506 

581 

1882 

-442 


14.5'N 


-72 

-228 

52 

98 


14.5°S 


65 

279 

-54 

-137 


48.6°S 

f. 7 - 

-1506 

-1075 

-753 

-1506 
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TABLE 2. Sensitivity of CFClj Partial Derivatives, 8 In y t /5(l/r) and d/dt [8 In x c /3(1/t)], to Two-Dimensional 

Model Parameter Variations for January 1, 1980 


8 In x, A R ln X t 

5(l/r) ’ y “ rS d t d(l/z) J Parameter 

Varied in Release 


T, 

years 

years 

V 

years 

V 

years 

F 

Box 

1 

Box 

3 

Box 

5 

Box 

7 

Box 

1 

Box 

3 

Box 

5 

Box 

7 

Calculating 

Derivatives 

Data 

Used 

60 

8 

10 4 

3 

2 

-4.56 

-4.70 

-5.01 

-5.04 

-0.42 

-0.40 

-0.40 

-0.39 

% 

CMA [1981a] injected 
into box 1 

81 

12 

10 4 

3 

1.8 

-4.26 

-4.44 

-4.76 

-4.79 

-0.41 

— 0.41 

-0.41 

-0.41 


CMA [1982] injected 
into box 1 

67 

8 

10 4 

4 

1.4 

-4.04 

-4.28 

-4.54 

-4.58 

-0.36 

— 0.41 

-0.36 

-0.36 

T, 

CMA [1982] latitudi- 
nally distributed 

61 

10 

240 

4 

1.4 

-7.26 

-7.47 

-8.00 

-8.06 

-0.44 

-0.46 

-0.39 

-0.39 

r, 

CMA [1982] latitudi- 
nally distributed 


standard error of the measurement of the monthly mean, miss- 
ing data are straighforwardly accounted for. Optimal esti- 
mation theory also provides an estimate of the uncertainty in 
the lifetime based on the addition of these standard errors. 

The calculation of lifetimes from the ALE data is compli- 
cated by the fact that the ALE does not measure Xg but, 
instead, provides a time series of species measurements at each 
of five surface sites. Equation (1) is therefore replaced by a 
limited resolution two-dimensional model of the atmosphere. 
Optimal estimation theory may then be applied to the time 
series at each site to provide five estimates of the lifetime or 
may be applied to all sites simultaneously to provide a single 
best estimate. It may be noted that using a two-dimensional 
model introduces “unknowns” (e.g., transport rates) in addi- 
tion to the lifetime into the analysis. Fortunately, not only is 
the lifetime estimate fairly insensitive to uncertainties in trans- 
port rates but the analysis may be modified to include an 
estimate of these transport rates. However, it is important to 
reduce the resolution of the model as much as possible so that 
the number of unknowns is minimized without compromising 
the ability of the model to provide a good simulation of the 
ALE data. 

2.1 The Two-Dimensional Model 

All the ALE species possess measurable latitudinal gradi- 
ents. Since the locations of the ALE sites had been chosen to 
be representative of the four equal mass subdivisions in the 
atmosphere [see Prinn et al., this issue (a)], the minimum 
number of latitudinal subdivisions in the two-dimensional 
mode] is four. To resolve adequately the gross characteristics 
of the zonally averaged circulation in the troposphere (in par- 
ticular the tropical Hadley cell), we divide the troposphere 
into two layers in the vertical. The stratospheric circulation is 
unimportant relative to the tropospheric circulation in the 
global dispersion of ALE species (and thus for simulating the 
ALE data) since the species all have surface sources. There- 
fore, the stratosphere (which is important as a known photo- 
chemical sink for all the ALE species) is represented by a 
single box. The “ad hoc” two-dimensional model thus contains 
eight tropospheric boxes and one stratospheric box. 

Transport in the model is parameterized by using zonally 
averaged velocities and eddy diffusion coefficients. To mini- 
mize the number of uncertain parameters in this model, pa- 
rameterized eddy transfer by diffusion coefficients of the K yt 
form (y = latitude, z «= altitude) is neglected in the compu- 
tations. Such a transfer must be accounted for in this model 


by the K„ and K yy terms; therefore, caution is necessary 
before applying the model to species other than those that are 
injected into the boundary layer at mid-latitudes at a very 
slow rate (i.e., which produce an increase in the global content 

5-10%/year). Using estimates of velocities and diffusion co- 
efficients derived from Newell et al [1969], we find that the 
latitudinal gradients observed in the ALE may be approxi- 
mately simulated merely by scaling each of the horizontal 
diffusion coefficients by a single factor F of order unity. Thus, 
we assume that F is the only unknown aspect of the transport 
rates that needs to be determined in the optimal estimation 
procedure. 

Model boundaries are chosen specifically at the equator, 30° 
latitude, and the poles, and at the ground, SOO, 200, and at 0 
mbar (for a schematic representation including the numbering 
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Fig. 3. CFCIj daily means (pptv) and standard deviations at Cape Meares, Oregon (45°N, 124°W) on the silicone 
channel for the period December 1979 to June 1981. Changes of the calibration gas tank are noted on the upper abscissae. 


system for the boxes, see Figure 1). Mean meridional transport 
between boxes i and j is represented by an inverse time con- 
stant V,j, while eddy diffusion between these boxes is assumed 
to occur at a rate (f v ) -1 . Assuming input to box 1 occurs at a 
rate (kgm/yr), mass continuity in box 1 requires that 


<*X 1 
dt 


— *13*13 


*21*2. 


(Ax), 3 | (Ay) 21 , /. 
r l3 f 21 M, 


(3) 


where y, is the mass mixing ratio of the species in box 1, 


Xij = 2 (*t + Xj) 


(Ay) w = Xt~Xj 

and M, is the total mass of air in box 1. To this equation we 
may add a destruction process for halocarbons equal to x,/t„ 
where r, is the lifetime for the species in the troposphere. For 
box 3, for example, the equation is 


dX) 

dt 


— + *35*35 ~ *43*43 + 


(^*) I 3 
f.3 


(A*)33 

'35 


_j_ (^*)43 _ *3 , ^3 
f 43 T « 


(4) 


The equations for boxes 2, 4, 6, and 8, which are in the 
upper troposphere, reflect the differing masses of air in upper 
and lower tropospheric and stratospheric boxes. For box 2, we 
have, for example. 


dxi 

dt 


5 

3 


*24*24 + 3 *21*21 


(Ay) 2 4 

*24 


5 (Ay) 21 2 X. - X, Xi 

3 f 21 3 T, T, 


where y„ = (y 2 + x* + X 6 + X*)/4, X, is the average (strato- 
spheric) mixing ratio above 200 mbar and t, is the transfer 
time between the troposphere and stratosphere. The equation 
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for x, is 


d X, X . ~ X, X. 

dt t , T, 


(6) 


where r, is the stratospheric lifetime of the species (resulting 
from photodissociation). We shall define r = xJx* 

By using equations (4)-(6), the overall lifetime of the species 
in the atmosphere is 


cfcl 3 is! :p=e 

1BC r w 


JUL7S-.„ 


15C 

150 


£ 2*Jo| 






E 

uoL 


J- 


. - JO. BjG 5£P on MI. DEC jot, EEB MBIf pop ns- 


T t jU + XJ4X,) 

+ 0 (J4x.) 

where x, = the average tropospheric mixing ratio 

= ^ (Xi + Xs + Xs + Xi) + ^ (Zj + X* + + z*) 

Note that the lifetime t of the species is dependent on xJii 
and is thus time dependent. In particular, for the ALE species 
Z,/Zi i is increasing with time so that t decreases with time if 

t, < T,. 

To prescribe the t y values for horizontal diffusion we utilize 
the results of Newell et al. [1969], The horizontal diffusion 
rates are then multiplied by the factor F (which is determined 
from the optimal estimation analysis as providing the best fit 
to the species gradients observed in ALE). 

To provide a smooth temporal variation of horizontal diffu- 
sion throughout the year, we represent t tj by a four-term series 

a 0 /2a A . {2nt\ . /4a A 

Uj = -j + a i cos ( ~f I + *>i sm I — J + fcj sin l — 1 (8) 

where T = 360 days and t = 0 corresponds to January 1. The 



Fig. 6. CFCI, daily means (pptv) and standard deviations at 
Cape Grim, Tasmania (41 C S, 145 E) on the silicone channel for the 
period July 1978 to June 1981. Changes of the calibration gas tank 
are noted on the upper abscissae. 
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Fig. S. CFCI, daily means (pptv) and standard deviations at 
Point Matatula, American Samoa (14°S, 171°W) on the silicone 
channel for the period July 1978 to June 1981. Changes of the calibra- 
tion gas tank are noted on the upper abscissae. 


constants, a 0 , a,, fc,, and b 2 are chosen so that t l} averaged 
over a season equals the t u determined by using the seasonal- 
average data from Newell et al. [1969]. 

The tropospheric vertical diffusion times t,j are assumed to 
be latitudinally and seasonally invariant and correspond to a 
vertical diffusion coefficient of 0.375 x 10 5 cm J /s at 500 mbar. 
The exchange time r, between troposphere and stratosphere is 
taken as 4 years. The time constants V ti ~ l due to horizontal 
and vertical zonally averaged motion are determined from the 
stream functions given by Newell et al. [1969]. In a manner 
similar to that for horizontal diffusion, we represent the sea- 
sonally averaged horizontal velocities by a four-term Fourier 
series in time. In this model, vertical transfer is dominated by 
vertical diffusion and therefore we have not found it necessary 
to represent the seasonal variation of vertical velocity by a 
time series. A summary of the box model parameters is given 
in Table 1. 

For each ALE species, integration of the box model pro- 
ceeds from 1970, using the current best estimates for annual 
releases in boxes 1, 3, 5, and 7 for the species (see section 4 for 
CFCI, releases). The release prior to 1970 has been included 
assuming an exponential release prior to that time (which 
sums to the tabulated total release). This assumption results in 
an analytic integration of equation (1) so that the destruction 
prior to 1970 can be estimated. The effect of this assumption 
has been tested by repeating a few calculations starting from 
1960. Differences are insignificant after approximately 1974 
(since for any compound with lifetime t » 4 years the 1970 
release would have become uniformly distributed in the 
atmosphere by 1974). The integration uses a four-cycle time- 
stepping scheme [ Lorenz , 1971] with six hour cycles. 
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Fig. 7. CFCIj daily means (pptv) and standard deviations at 
Adrigole, Ireland (52°N, 10°W) on the Porasil channel for the period 
July 1978 to June 1981. Changes of the calibration gas tank are noted 
on the upper abscissae. 


2.2 The Optimal Estimation Procedure 
This procedure is used to provide estimates of the atmo- 
spheric lifetimes of the four ALE halocarbons and of the rate 
of horizontal mixing in the atmosphere. Since CFC1 3 , CF 2 C1 2 , 


and CH 3 CCI 3 possess sufficiently accurately known release 
distributions, ALE measurements of these species all contrib- 
ute to providing an estimate of the rate of horizontal mixing. 
Therefore, the procedure is set up so as to provide simulta- 
neous estimates of the lifetimes of CFC1 J( CF 2 C1 2 , CH 3 CG 3 , 
and the horizontal diffusion factor (F). Measurements of 
CFCIj on the silicone and Porasil columns are treated inde- 
pendently, separate lifetimes being estimated from each data 
set. For mathematical convenience, we work with the loga- 
rithm of measured and calculated mixing ratios rather than 
instanteous mixing ratio trends. Then, to ensure that the life- 
time estimate will be based on trend information, we multiply 
the absolute concentrations measured at each ALE site by an 
unknown factor A of order unity to be estimated from the 
measurements. This allows any disagreement between the 
time-averaged atmospheric inventory estimated from the ALE 
data and that derived from the two-dimensional model to 
appear in A. Adrigole, Ireland, and Cape Meares, Oregon, 
measurements both provide information on the concentrations 
of ALE species at mid-latitudes of the northern hemisphere. 
To avoid overweighting this atmospheric region in the esti- 
mate of lifetime, Adrigole and Cape Meares data have there- 
fore been optimally combined into a single time series with a 
weight factor inversely proportional to the variance of each 
individual month’s estimate of the mixing ratio. 

The state vector, which describes the unknown parameters, 
would thus take the form 

yi = (A], T], A 2 , t 2 , A it Tj, A a , r 4 , F) 

However, in order that the system possess maximum linearity 
during the optimal estimation procedure, we replace A by In 
A, F by In F, and t by 1/t. The state vector thus becomes : 

y = (In A, t," \ In A 2 , t 2 ~ \ In A„ tj 1 . In A 4 , t 4 _i , In F) 

(9) 

The update equation for the state according to optimal esti- 
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Fig. 8 . CFCIj daily means (pptv) and standard deviations at Cape Meares, Oregon (45°N, 124°W) on the Porasil 
channel for the period December 1979 to June 1981. Changes of the calibration gas tank are noted on the upper abscissae. 
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mation theory is 

y = y 0 + g (x - *) (io) 

where y 0 is the a priori estimate of the state vector; x is a 16 
component vector consisting of the natural logarithms of the 
measured monthly mean mixing ratios, of CFCI,(S), 
CFClj(P), CF 2 C1 2 , and CH3CCI3 at Adrigole, Cape Meares, 
Ragged Point, Point Matatula, and Cape Grim (monthly 
mean rather than instantaneous values were used to reduce 
computation time and because the time scales relevent to de- 
termining the lifetime were seasonal or longer); H is a similar 
vector of the species mixing ratios, x c , calculated by the two- 
dimensional model; and G is a 9 x 16 matrix usually referred 
to as the gain matrix. Equation (10) provides a prescription for 
updating the state vector after each month of ALE observa- 
tions (using y from the previous month as the current a priori 
estimate). Smaller updates will automatically be performed on 
those state vector elements for which the a priori knowledge is 
greater. 

The gain matrix is given by 

G = C 0 P'[PC 0 P' + N]' 1 (11) 

where C 0 is the (a priori) covariance matrix whose diagonal 
elements are the variances of the elements of the state vector 
and whose off-diagonal elements represent covariation be- 
tween those elements. The matrix P (with transpose P') is a 
matrix of the partial derivatives of the elements of £ with 
respect to the elements of y (for example, <3(1 n &)/<3(1/t)); these 
derivatives are computed by using the two-dimensional model. 
The matrix N is the noise matrix of the measurements which is 
a diagonal matrix whose nonzero elements are the variances 
associated with the standard errors (<r) of the estimates of the 
monthly mean measured values at each site. It may be noted 
that if P is a square matrix and the measurements are non- 
noisy (N — * O), the gain matrix is equal to P~ '. Noisy 
measurements, on the other hand (N » PC 0 P ), would provide 
a gain much less than P " 

The covariance matrix is also updated based on the 
measurements by using the equation 

C = C 0 - GPC 0 (12) 

On the basis of the preceding paragraph, we see that noisy 
measurements will leave C virtually unaltered while for almost 
noiseless measurements C tends to zero. The diagonal ele- 
ments of C arc interpreted as the variance (i.e., uncertainty) of 
the elements of the state vector based on a combination of the 
a priori uncertainties and the uncertainties in the measure- 
ments. The off-diagonal elements of C are the covariances 
between the elements of the state vector based on the a priori 
and measurement information and reflect the degree of inter- 
dependence of the element estimates. 

Each additional period (e.g. 1 month) of ALE data is used 
to update the previous estimate of the state vector. The two- 
dimensional model results indicate that the response of the 
calculated concentrations to small variations of the state 
vector elements is approximately linear. This permits us to 
avoid substantial computation by performing a linear adjust- 
ment as an approximation for the model's two-dimensional 
prediction at time-step m + 1 

=t ^ + i° + P. + i(y-.-yo) 03) 

where + is calculated with the two-dimensional model by 
using the estimated state vector at time-step zero. Calculations 
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Fig. 9. CFC1 3 daily means (pptv) and standard deviations at 
Ragged Point, Barbados (1 3°N, 59 5 W) on the Porasil channel for the 
period July 1978 to June 1981. Changes of the calibration gas tank 
arc noted on the upper abscissae. 
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with the two-dimensional model, moreover, indicate that the 
partial-derivative matrix P is relatively insensitive to changes 
in the state vector elements; a constant “average” value of P is 
therefore utilized throughout. It should be noted, however, 
that B/Bt (P) is not assumed to be zero but must be precisely 
specified because this will control the lifetime estimate. This 
may be seen by noting that one element of B/Bt (P) is 



which expresses the sensitivity of the trend to the inverse life- 
time. In practice, a constant “average” value is assumed for 
B/8t(P). 

Equations (10)— (13) constitute the optimal estimation pro- 
cedure. During its application to the 36 month data set, 
month by month, no additional two-dimensional model calcu- 
lations are made. The assumptions of constancy in 5(1 n 
Xc)/B( 1/t) and its time derivative for CFC1 3 are justified in 
Table 2 where it is shown, in particular, that these two deriva- 
tives are relatively insensitive to changes of t (as well as to 
several other parameters). It may be noted, however, that the 
derivative 5(ln j^)/ 5 ( 1 /t) is sensitive to whether the CFCI 3 sink 
is in the stratosphere or the troposphere. We shall return to 
this point when the results are discussed. Since the assumption 
of constant partial derivatives is an approximation, after the 
lifetime has been estimated from the 3 year data set, the two- 
dimensional model is rerun by using this lifetime and the 
entire 3 year data set is reprocessed. As expected, the conver- 
gence of this procedure to produce a final estimate of the 
lifetime is rapid. The principal sensitivity of the results to the 
partial derivatives is therefore in estimating uncertainty limits. 
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Fig. 10. CFCIj daily means (pptv) and standard deviations at 
Point Matatula, American Samoa (14 ? S, 171 - W) on the Porasil 
channel for the period July 1978 to June 1981. Changes of the calibra- 
tion gas tank are noted on the upper abscissae. 


mean observed concentrations at each site and the two- 
dimensional model results are most likely due to uncertainties 
in the latitudinal distributions of releases as well as to minor 
inadequacies in the model’s ability to simulate global trans- 
port. We assume, however, that these minor limitations of the 
model simulation have negligible impact on the trends at each 
site and reason that adjusting the transport factor to provide 
the best fit to the mean latitudinal gradient for the species 
should provide the best prediction of the temporal trends at 
each site. (Dr. Oehlert of the Department of Statistics, Prince- 
ton University, has pointed out that with these approxi- 
mations our procedure for estimating the CFCIj trend lifetime 
is equivalent to generalized least squares estimation of the 
parameters y' and y J in the equation 

At) - x\t) = (/ - V) + (y 2 - y o l )[-4.40 - o.03i(r - 18)] 

where the superscripts denote elements of the state vector, y, 
and the In (chlorofluorocarbon mixing ratio) vector, x, and r is 
expressed in months with month 1 being July 1978.) 

3. Global Trichlorofluoromethane Data 
Figures 2-1 1 show the daily CFCIj data for the period July 
1978 to June 1981 at the five ALE sites on the silicone (denot- 
ed CFCIj (S)) and Porasil (denoted CFCIj (P)) columns of the 
gas chromatograph. These data have all been adjusted by the 
ALE absolute calibration factor, { = 0.96, for CFCIj deter- 
mined by Rasmussen and Lovelock [this issue]. The ALE in- 
strument at Cape Meares, Oregon, has only operated since 
December 1979. At each site the ambient air is usually sam- 
pled four times daily, and the calibration tank is sampled 
between each ambient air measurement. The error bars at- 


Additional information about the optimal estimation ap- 
proach is provided in the appendix, in which some useful 
limiting cases are discussed. In particular, the second limiting 
case in the appendix (results (A5) and (A6)) provides important 
insight into what happens when optimal estimation is used to 
analyze the four stations’ time series to estimate a state vector 
consisting of a calibration error, a lifetime, and a horizontal 
transport factor. The lifetime estimate would be determined by 
a combination of the temporal trend and of the site to site 
differences (since <3(ln yj/cfl/r) is not the same at all sites). If 
the horizontal transport factor is unconstrained, then most of 
the latitudinal gradient information would be used to update 
the transport factor and the lifetime would be primarily based 
on trend information. If, on the other hand, three species were 
to be used simultaneously to deduce a “best" estimate of the 
transport factor, an anomalous latitudinal gradient of one 
species could make a significant contribution to the estimated 
lifetime of that species (because the transport factor would be 
constrained by the other two species). For this reason, in the 
analysis that follows, lifetime estimates will be presented for 
each station’s time series analyzed separately by using the 
two-dimensional model results that provide the best fit to all 
the ALE data. The individual station lifetime estimates thus 
obtained will be based upon the prescribed partial derivatives 
and the two-dimensional model calculation that provides the 
best fit to the optimal combination of the data from all the 
sites. In addition, the optimal lifetime estimates based upon 
combining the data at all the sites are artificially forced to be 
based purely on the trends at each site by setting the partial 
derivatives, d(ln y c )/5( 1/r), equal to the four box mean values. 
In effect, we are saying that small differences between the 




Fig. 1 1. CFCIj daily means (pptv) and standard deviations at 
Cape Grim, Tasmania (41 C S, 145°E) on the Porasil channel for the 
period July 1978 to June 1981. Changes of the calibration gas tank 
are noted on the upper abscissae. 
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tached to each daily mean value reflect ± 1 standard deviation 
derived from the four calibrated air measurements. 

The ALE calibration tanks have been measured against a 
standard tank, as described in Rasmussen and Lovelock [this 
issue], to a precision better than 0.5% for CFC1 3 prior to 
shipment to the ALE sites and again following the return of 
the tanks to Oregon. Additional measurements have been 
made on some of the tanks from time to time over the 3-year 
period; for this 3-year period, the standard deviation of the 
mean CFC1 3 values is typically 0.5%. Based on these results, 
discontinuities in the ALE data record for CFC1 3 resulting 
from calibration tank changes (the calibration cylinders used 
and the changing dates are indicated on the upper abscissae of 
Figures 2-11) should generally not exceed 1%. 

Considering the data records in order from the northern to 
the southern hemisphere, the Adrigole, Ireland, record con- 
tains the most data gaps. This is primarily related to elevated 
values of CFC1 3 that occur there simultaneously with in- 
creased concentrations of CF 2 C1 2 , CH 3 CC1 3 , and per- 
chloroethylene. These events, which generally last a few days, 
are attributed to regional polution and have been removed 
from the data set. Additional gaps in the data record occur 
because of problems with the electrical supply in the spring 
and summer of 1981 and because of a deteriorating detector 
on the silicone column in December 1978 and January 1979 
which was finally replaced on February 20, 1979. The CFC1 3 
(P) data has also been removed from the first month because 
of inadequate Porasil channel operation during this initial 
time period. 

At Cape Meares, Oregon, pollution occurs only rarely, and 
the F-l IS and F-11P records are relatively continuous from 
December 1979 onward. Moving farther south to Ragged 
Point, Barbados, it is clear that the first 6 months of measure- 
ments of CFC1 3 on the silicone column were less precise than 
those after May 1979. During April 1979, the Ragged Point, 
Barbados, instrument was out of operation, and, prior to its 
return to operation on May 1, 1979, a new detector was in- 
stalled on the silicone column and the electronics was im- 
proved. There appears to be an increase in CFC1 3 variability 
during every September and October. This is believed to result 
from the combined effects of intense storms, including hurri- 
canes, on the island’s power supply resulting in disequilibra- 
tion of the instrument and of real decreases in CFC1 3 pro- 
duced by the occurrence of air over Ragged Point, Barbados, 
with a southern hemisphere origin. 

At Point Matatula, American Samoa, power supply prob- 
lems have been even more severe than elsewhere and have 
resulted in the instrument being burned out in October 1980 
and again in January 1981. Following this, the instrument did 
not return to full operation until May 1981. On November 10, 
1978, the sample loop was changed on the Porasil column 
from 3 to 2 ml and from 5 to 7 ml on the silicone column. 
Prior to that time, the accuracy and precision of the Porasil 
column measurements are questionable because the three Po- 
rasil channel species CFC1 3 , CF 2 C1 2 , and N a O all exhibit an 
upward drift and CF 2 C1 2 and N 2 0 show a discontinuity co- 
inciding with the change in the sample loop size (and the 
calibration tank change from 004 to 0 1 9). 

The variability of CFC1 3 at Cape Grim, Tasmania, is least. 
Here, also, the sample loop was changed in November 1978 
from 4 ml to 3 ml on the Porasil channel and from 5 ml to 7 
ml on the silicone channel. Pollution, identified by substantial 
simultaneous increases of CFC1 3 and CF 2 C1 2 , occasionally 


occur associated with a northwesterly wind; these events have 
been removed from the data set. In December 1978, the air 
intake valve became contaminated; it was replaced in January 
1979. 

The data shown in Figures 2-11 have been processed to 
yield monthly means and standard deviations. The results are 
given in Table 3. All the analysis of ALE CFC1 3 data to yield 
lifetimes is based upon the data given in Table 3. 

The optimal estimation code described in the previous sec- 
tion has first been used to fit an empirical model to these 
monthly mean values. The form of the empirical model as- 
sumed is 


1" Zf = a, + b i(— ij— ) + **{“ 

(tt)--(it) 


+ C I cos 


(15) 


where x> is expressed in pptv and f is given in months with 
month 1 being July 1978. The data is thus being fitted with a 
linear trend, a curvature term and an annual cycle. For the 
Cape Meares, Oregon, data, the curvature term has been 
omitted ( d , = 0) since the data extends over only approxi- 
mately 1 8 months. The optimal estimation code provides max- 
imum likelihood estimates of the parameters a,, b it d iy c h and s, 
with each month’s observations being weighted by 



(16) 


where o m is the standard deviation of the measurements 
during month m, n„ is the number of measurements made in 
month m divided by 12 (to allow for the typical observed 
correlation between individual measurements over periods ~ 3 
days), and o 0 2 is the variance of the residuals of the monthly 
mean observations relative to the fitted empirical model (cal- 
culated a posteriori). It may be noted that if a 0 2 dominates 
this expression, each month’s data receives equal weight in 
estimating the trend. For CFC1 3 , o 0 2 is typically roughly twice 
o m 2 /n m , moreover, the short term precision of the instrument 
(~ffj has tended to improve slightly with time al some sites 
so that more recent data will receive a little more weight than 
the 1978-1979 data. 

After the optimal fit has been obtained, the autocovariance 
of the monthly residuals (and its Fourier transform) are calcu- 
lated. Because the monthly residuals are found to be corre- 
lated, o 0 2 underestimates the uncertainty. In calculating the 
variance of the estimate of a iy for example, a 0 2 should be 
replaced by 

v °o J (l + 2y(l) + 2y(2) -(- ■ • •) 


where y(m) is the expected value of the autocorrelation of the 
residuals at lag m months. To estimate this multiplicative 
factor from a time series of limited duration, it is customary to 
give less weight to the sample autocovariances at the longer 
lags. For example, in determining the Fourier transform of the 
autocovariance series a Parzen window [ Parzen , 1964] is often 
used as a weighting function. We have used a Parzen window 
with 8 degrees of freedom (M = 8) to obtain the power spec- 
trum of the residuals and to supply weighting factors on the 
sample autocorrelations used in estimating the multiplicative 
factors for the uncertainties in the coefficients in (15). The 
multiplicative factor to be estimated for b , for 36 months of 
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TABLE 3 a. Monthly-Averaged CFC1, (Silicone Column) Mixing Ratios x (pptv), Their Standard Deviations a m (pptv), and the Number of 
Measurements During Each Month (/V) Determined From Measurements at the Five ALE Sites Over the Period July 1978 through June 1981 


Month 

Adrigole , 

Ireland 

» 

Cape Meares 
Oregon 

Ragged Point 
Barbados 

Pt . Katatula , 
Aaer . Samoa 

Cape Grin , 
Tasmania 


X 


N 

X 

o 

m 

N 

X 


H 

X 

a 

n 

N 

X 

G 

a 

N 

7-78 

166.9 

3.3 

223 




158.9 

2.3 

144 

148.1 

1.6 

61 

142.6 

1.5 

62 

8-78 

167.7 

2.6 

188 




159.3 

3.0 

202 

151.7 

1.5 

124 

143.7 

1.4 

128 

9-78 

167.4 

1.2 

233 




158.2 

3.6 

169 

151.2 

1.5 

121 

146.0 

1.8 

74 

10-78 

168.3 

1.7 

151 




158.3 

3.4 

110 

152.3 

1.5 

98 

146.0 

1.2 

42 

11-78 

168.7 

2.6 

92 




158.3 

3.1 

125 

153.0 

2.2 

95 

148.4 

1.1 

54 

12-78 

- 

- 

- 




161.2 

2.6 

129 

154.8 

2.2 

59 

148.5 

.6 

40 

1-79 

169.4 

3.8 

80 




163.5 

2.3 

114 

157.1 

1.9 

18 

150.9 

1.1 

52 

2-79 

169.4 

2.3 

25 




161.5 

2.1 

113 

156.4 

2.1 

93 

151.1 

1.3 

91 

3-79 

169.0 

1.6 

68 




162.9 

2.0 

96 

154.6 

2.2 

114 

151.2 

1.4 

107 

4-79 

171.1 

2.0 

63 




- 

- 

- 

155.5 

1.8 

119 

151.8 

1.2 

104 

5-79 

172.0 

2.2 

83 




166.7 

1.4 

67 

154.4 

1.2 

122 

153.0 

1.4 

107 

6-79 

174.0 

1.6 

71 




165.9 

1.3 

40 

154.3 

.9 

116 

154.4 

1.3 

104 

7-79 

174.7 

2.0 

137 




167.7 

2.4 

88 

154.8 

1.2 

116 

154.9 

1.2 

89 

8-79 

175.1 

1.6 

106 




170.0 

2.4 

113 

155.9 

1.3 

112 

155.4 

1.0 

112 

9-79 

176.4 

1.9 

96 




168.6 

3.2 

130 

155.4 

1.2 

100 

156.6 

1.3 

101 

10-79 

178.3 

1.4 

53 




168.6 

2.4 

126 

155.7 

1.8 

115 

158.4 

.8 

94 

11-79 

178.5 

2.3 

76 




169.6 

2.3 

90 

158.5 

1.4 

112 

159.2 

.7 

102 

12-79 

179.7 

1.7 

69 

178.7 

2.2 

59 

171.5 

1.3 

128 

158.6 

2.2 

102 

159.5 

.8 

79 

1- B 0 

179.8 

1.9 

58 

179.2 

1.3 

70 

171.8 

1.5 

108 

162.4 

1.2 

99 

160.4 

.6 

96 

2-80 

180.3 

1.2 

108 

176.2 

2.7 

25 

172.7 

1.7 

92 

163.1 

1.5 

124 

160.7 

1.2 

70 

3-80 

180.7 

1.8 

90 

180.8 

1.8 

24 

175.5 

2.0 

99 

164.4 

1.3 

107 

161.6 

.7 

109 

4-80 

182.0 

1.6 

103 

182.6 

1.2 

84 

175.0 

1.5 

77 

165.3 

2.1 

112 

162.0 

1.2 

60 

5-80 

164.5 

1.6 

61 

183.4 

1.3 

97 

175.7 

1.3 

136 

165.4 

1.2 

111 

164.4 

1.2 

76 

6-80 

183.4 

2.2 

114 

182.7 

1.2 

114 

176.6 

1.1 

129 

165.8 

1.2 

94 

165.3 

1.4 

84 

7-80 

163.9 

1.5 

111 

182.6 

1.4 

91 

176.1 

1.6 

129 

167.1 

1.1 

116 

165.4 

1.0 

92 

8-80 

184.0 

2.1 

110 

184.2 

1.3 

82 

179.4 

1.6 

56 

167.7 

1.2 

113 

166.1 

1.0 

91 

9-80 

184.1 

1.2 

105 

186.4 

1.9 

110 

178.8 

2.5 

124 

168.9 

1.6 

94 

167.8 

1.3 

75 

10-80 

185.2 

2.0 

83 

188.1 

2.1 

111 

178.2 

2.6 

122 

168.2 

1.2 

15 

168.1 

.7 

79 

11-80 

185.5 

1.9 

76 

188.2 

1.9 

122 

180.8 

1.5 

11 B 

171.4 

1.2 

64 

169.0 

.6 

93 

12-80 

186.6 

1.9 

66 

187.0 

2.5 

107 

181.8 

2.0 

125 

172.6 

2.0 

97 

169.4 

.6 

83 

1-81 

187.3 

2.2 

118 

186.1 

1.7 

127 

182.6 

1.2 

138 

173.9 

2.1 

42 

170.2 

.8 

54 

2-81 

187.3 

2.0 

66 

187.4 

1.3 

106 

182.6 

1.2 

115 

- 

- 

- 

168.8 

1.0 

44 

3-81 

188.7 

2.2 

98 

187.2 

1.2 

126 

181.6 

1.2 

100 

176.5 

1.7 

27 

169.9 

.8 

82 

4-81 

190.1 

1.5 

50 

188.5 

1.3 

113 

183.7 

1.7 

97 

175.2 

1.5 

122 

170.9 

.7 

75 

5-81 

190.8 

1.6 

62 

188.9 

1.2 

104 

184.5 

1.6 

123 

174.1 

2.0 

119 

172.4 

1.2 

83 

6-81 

192.0 

1.5 

77 

190.1 

1.1 

112 

184.1 

1.2 

109 

175.5 

1.2 

113 

173.9 

1.0 

61 


The ALE measured values have all been converted to mixing ratios by multiplication by the absolute calibration factor i « 0.96. 


observation may be shown to be 

M = (1 + 1.77(1) + 1.4*2) + 1.3*3) + • • -) 

Having estimated this multiplicative factor, the empirical 
model calculation is repeated with <7 0 2 in the noise matrix 
replaced by a' 0 2 = Ma 0 2 where M is not permitted to be less 
than unity. This step produced increases in the error bars 
ranging from zero at Barbados to approximately 50% at 
American Samoa. The multiplicative factors for a„ d t , c„ and s t 


were also estimated from the power in the smoothed spectrum 
at zero frequency (<a ( ), at a frequency of 1/6 years -1 (d t ), and 1 
year -1 (c, and s ( ). These factors were not markedly different 
from M, and because the uncertainty in the estimates of these 
multiplicative factors is substantial (perhaps a factor of 2), no 
further adjustments of the error bars for a t , d„ c h and s, were 
made. 

The resulting estimates of the coefficients in equation (15), 
together with the l<r uncertainty limits for the CFCl, data, are 
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TABLE lb Monthly-Averaged CFC1 3 (Porasil Column) Mixing Ratios y (pptv). Their Standard Deviations n m (pptv), and the Number of 
Measurements During Each Month (AO Determined From Measurements at the Five ALE Sites Over the Period July 1978 through June 1981 


Honth 

Adrlgole, 

Ireland 


Cape Kearea 
Oregon 

» 

Ragged Point, 
Barbados 

Pt. Matatula, 
Amer. Samoa 

Cape Grim, 
Tasmania 


X 

0 

B 

N 

X 

0 

B 

H 

X 

0 

B 

N 

X 

0 

B 

N 

X 

0 m 

N 

7-78 

- 

- 

- 




159.8 

2.6 

123 

145.0 

1.7 

52 

142.1 

1.7 

56 

8-78 

167.8 

2.9 

200 




159.9 

2.1 

102 

147.1 

2.0 

86 

145.0 

3.2 

70 

9-78 

168.0 

2.3 

213 




159.4 

3.1 

136 

148.4 

2.4 

102 

145.9 

3.1 

66 

10-7B 

168.3 

2.7 

159 




159.9 

2.8 

65 

151.6 

2.9 

58 

145.5 

3.2 

47 

11-76 

170.4 

2.7 

107 




159.1 

2.7 

79 

152.1 

2.7 

87 

147.8 

3.0 

59 

12-78 

171.0 

2.0 

40 




162.2 

1.7 

104 

153.6 

2.1 

40 

148.4 

2.9 

39 

1-79 

169.0 

2.7 

76 




164.6 

2.0 

88 

154.8 

1.6 

23 

151.1 

1.7 

52 

2-79 

170.2 

2.2 

32 




162.2 

1.9 

86 

154.8 

2.0 

95 

151.3 

1.4 

96 

3-79 

169.2 

2.4 

69 




163.2 

2.0 

73 

154.3 

1.5 

119 

151.7 

2.0 

106 

4-79 

170.3 

2.7 

58 




163.2 

1.2 

4 

155.6 

1.4 

114 

152.6 

2.9 

102 

5-79 

- 173.1 

2.7 

86 




166.8 

1.0 

76 

156.1 

2.0 

116 

153.2 

2.5 

102 

6-79 

174.2 

1.8 

65 




166.4 

1.5 

42 

156.1 

2.2 

113 

154.5 

2.0 

93 

7-79 

174.8 

2.7 

108 




168.6 

3.2 

77 

156.3 

2.1 

113 

155.0 

1.4 

90 

8-79 

175.7 

2.3 

82 




169.5 

2.6 

91 

157.7 

2.2 

109 

156.4 

1.2 

108 

9-79 

177.3 

2.2 

65 




168.3 

3.4 

101 

157.4 

1.8 

113 

157.3 

1.2 

91 

10-79 

178.5 

2.0 

55 




167.6 

2.6 

81 

159.0 

2.2 

115 

157.8 

1.7 

93 

11-79 

176.8 

3.2 

68 




169.4 

2.9 

68 

159.2 

2.1 

123 

158.8 

.9 

103 

12-79 

181.1 

2.3 

73 

178.8 

2.9 

59 

171.1 

1.7 

101 

159.6 

2.9 

102 

158.9 

1.2 

81 

1-80 

180.6 

2.2 

46 

178.4 

2.6 

75 

171.7 

2.0 

88 

162.5 

2.1 

90 

159.5 

.9 

94 

2-80 

180.7 

2.8 

67 

177.4 

3.6 

57 

172.4 

2.1 

74 

163.7 

2.3 

111 

161.6 

1.2 

72 

3-80 

1B0.7 

3.3 

75 

178.7 

2.8 

81 

176,4 

3.0 

87 

164.4 

1.8 

111 

162.8 

1.3 

116 

4-80 

181.9 

3.7 

81 

179.9 

3.4 

81 

175.1 

1.9 

80 

165.3 

1.8 

90 

163.8 

1.1 

63 

5-80 

164.6 

3.1 

46 

180.6 

1.9 

96 

175.4 

2.8 

105 

166.3 

3.6 

102 

165.5 

1.4 

70 

6-80 

183.4 

3.4 

88 

181.2 

2.6 

114 

176.3 

1.5 

96 

165.9 

3.3 

84 

166.3 

1.4 

80 

7-80 

183.8 

3.1 

91 

180.6 

2.5 

89 

177.6 

2.1 

97 

167.4 

2.1 

111 

166.5 

1.4 

94 

8-80 

184.0 

3.6 

87 

182.3 

2.6 

84 

178.1 

1.5 

54 

167. B 

1.8 

99 

167.3 

1.2 

93 

9-80 

184.3 

3.5 

83 

185.6 

2.9 

100 

179.4 

3.4 

90 

168.8 

1.6 

85 

169.1 

2.2 

75 

10-80 

185.7 

1.9 

85 

186.8 

2.5 

95 

177.5 

3.5 

52 

169.0 

.8 

14 

167.6 

1.2 

51 

11-80 

186.5 

1.7 

61 

187.0 

2.2 

109 

1B0.7 

2.4 

64 

172.3 

1.5 

54 

169.3 

1.9 

106 

12-80 

187.2 

2.0 

54 

185.8 

2.9 

98 

181.4 

2.3 

80 

172.8 

1.9 

94 

171.2 

1.2 

80 

1-81 

188.4 

2.8 

95 

185.9 

2.2 

130 

181.8 

1.6 

92 

174.0 

1.7 

34 

171.5 

1.2 

52 

2-81 

169.3 

2.8 

50 

186.6 

2.3 

96 

182.0 

1.4 

79 

- 

- 

- 

169.9 

1.3 

44 

3-81 

189.7 

2.3 

81 

187.0 

2.4 

117 

180.7 

1.3 

76 

- 

- 

- 

171.3 

1.5 

92 

4-81 

192.2 

2.9 

45 

188.1 

2.9 

107 

182.5 

2.3 

73 

- 

- 

- 

171.5 

1.2 

62 

5-81 

193.3 

2.2 

74 

188.5 

3.4 

104 

183.1 

1.8 

71 

175.8 

2.7 

84 

173.2 

1.8 

86 

6-81 

192.1 

2.1 

61 

188.6 

2.9 

111 

182.9 

1.8 

86 

176.4 

2.6 

109 

174.8 

1.6 

65 


The ALE measured values have all been converted to mixing ratios by multiplication by the absolute calibration factor <f « 0.96. 


given in Table 4. It should be noted that the mean con- 
centration of CFCIj (and, hence, its latitudinal gradient) and 
its temporal trend are extremely well defined while the curva- 
ture and the seasonal variation are relatively poorly defined. 
In particular, the annual cycle is fairly weak at all sites except 
Point Malatula, American Samoa. The consistency between 
the silicone and Porasil channels is generally good (i.e., the 
agreement between the data obtained from the two channels is 
consistent within the cited uncertainty limits). Exceptions to 
this statement occur at Point Matatula, American Samoa and 


at Cape Meares, Oregon. At Point Matatula, the difference 
primarily results from the first 9 months of operation. As 
noted earlier, the sample loop sizes were changed at this site 
after approximately 4 months of operation and an anomalous 
increase of CFC1 3 , N 2 0, and CF 2 C] 2 occurred on the Porasil 
column during these first 4 months. Also, a constant frequency 
detector was temporarily used on the silicone column for 6 
months after the changes of the sample loop sizes. The Point 
Matatula, American Samoa, CFC1 3 data will, therefore, re- 
ceive a lower weight in the estimation of lifetime because of 
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TABLE 4. Empircal Model Fit (Equation (15)) to the 3 Years of CFG, Data Given in Tables 3a and 36 


Site 


b, 

d, 



Variance of 
Residuals, 
ct 0 j x 10* 

Adrigole, Ireland 

5.184 ± 0.002 

CFCI , 

0.050 -1- 0.002 

AS) 

-0.002 ±0.002 

0.001 ± 0.002 

0.002 ± 0.002 

27 

Cape Meares, Oregon 

5.190 ± 0.002 

0.040 ± 0.004* 


-0.001 ± 0.002 

0.005 ± 0.002 

30 

Ragged Point, Barbados 

5.145 ± 0.002 

0.057 ± 0.002 

-0.005 ±0.002 

0.002 ± 0.002 

0.001 ± 0.002 

36 

Point Matatula, American Samoa 

5.077 ± 0.004 

0.056 ± 0.003 

0.009 ± 0.004 

-0.006 ± 0.003 

-0.007 ± 0.003 

73 

Cape Grim, Tasmania 

5.073 ± 0.001 

0.065 ± 0.001 

-0.008 ± 0.001 

-0.001 ± 0.001 

0.002 ± 0.001 

14 

Adrigole, Ireland 

5.186 ± 0.003 

CFCI , 

0.051 ±0.002 

(P) 

-0.001 ± 0.003 

0.001 ± 0.003 

0.002 ± 0.003 

38 

Cape Meares, Oregon 

5.179 ± 0.002 

0.045 ± 0.004* 


-0.004 ± 0.002 

0.005 ± 0.002 

18 

Ragged Point, Barbados 

5.145 ± 0.002 

0.053 ± 0.002 

-0.004 ± 0.002 

0.001 ± 0.002 

0.001 ± 0.003 

48 

Point Matatula, American Samoa 

5.084 ± 0.003 

0.062 ± 0.002 

0.000 ± 0.003 

-0.004 ± 0.003 

-0.005 ± 0.003 

35 

Cape Grim, Tasmania 

5.075 ± 0.002 

0.067 ± 0.002 

-0.008 ± 0.002 

-0.001 ± 0.002 

0.001 ± 0.002 

21 


•Calculated from 18-month data set (this implies the trend is characteristic of month 27 as opposed to month 18 at other sites). 


the large variance of the residuals produced by the first 9 
months of operation. At Cape Meares, Oregon, it is also the 
first few months of operation which lead to the different mean 
CFCI, concentrations on the two columns. 

In processing the data to produce lifetimes, the Adrigole, 
Ireland, and Cape Meares, Oregon, data have been combined 
into a single time series for each column. These time series 
have also been processed through the empirical model algo- 
rithm. They give, for CFCI, (S): a, = 5.185, b t = 0.049, with a 
residual variance of 2 x 10“ 5 ; and for CFCI, (P): a, = 5.183, 
b, = 0.048 with a residual variance of 2.2 x 10 5 . The annu- 
ally averaged mixing ratios and trends for January 1, 1980, 
obtained by using (15) and averaging in each semi-hemisphere 
are, respectively, 179 pptv and 8 6 pptv/year (Adrigole/Cape 
Meares); 172 pptv and 9.4 pptv/year (Ragged Point); 161 pptv 
and 9.6 pptv/year (Point Matatula); and 160 pptv and 10.5 
pptv/year (Cape Grim). Averaging these semi-hemispheric re- 
sults indicates that the average mixing ratio in the lower 
troposphere is 168 pptv, and it is increasing at a rate of 9.5 
pptv/year (5.7%/year). All these quoted mixing ratios and 
trends refer to the middle of the 3-year data set (i.e., January 1, 
1980). 

4. Trichlorofluoromethane Emissions 

Estimates of global annual emission rates for CFCI, 
through 1975 have been published by McCarthy et al. [1977], 
These emission rates have been updated for each year since 
1975 by using the same model and assumptions as McCarthy 


et al. [1977], and these updates are available in a series of 
reports from the Chemical Manufacturers Association (CMA). 
The most recent of these reports [CMA, 1982] contains emis- 
sion estimates for the period 1921-1981. 

Since the original analysis of McCarthy et al. [1977], more 
information has become available on the production of CFCI, 
in Eastern Europe and the U.S.S.R., on the losses of CFCI, 
during production, and on the end uses of CFCI, and their 
emission characteristics. This information implies that certain 
of the assumptions used by McCarthy et al. [1977] and CMA 
[1981a] are invalid. In particular, production in Eastern 
Europe and the U.S.S.R. after 1975 is underestimated, emis- 
sion in CFCI, during manufacture amounting to 1.5% of pro- 
duction is ignored, the delay in release of CFCI, from open- 
cell foams after manufacture is overestimated, and the use of 
CFCI, in hermetically sealed refrigeration is overestimated. 
An update of the report CMA [1981a] has recently been com- 
pleted which incorporates the above corrections [CMA, 
1982], We will use these updated emission rates in the analysis 
of ALE data (Table 5) but calculations, using the old emission 
rates, are also presented. 

The calculation of global circulation rates from ALE data 
(and to a lesser extent the deduction of atmospheric lifetimes) 
requires at least an approximate knowledge of the latitude 
distribution of the above CFCI, emissions ; While exact infor- 
mation about this latter distribution is lacking, there is 
enough information available to provide estimates with an 
accuracy sufficient for our purposes. In particular, we compute 


TABLE 5. World Production and Release of CFG, in Million Kilograms/Year 


Year 

Annual 

Production 

Annual 

Release 

Accumulated 

Production 

Accumulated 

Release 

1970 

241.0 

209.0 

1707.5 

1470.2 

1971 

266.6 

229.7 

1974.2 

1699.9 

1972 

311.1 

259.1 

2285.3 


1973 

354.3 

296.5 

2639.5 

2255.5 

1974 

377.5 

327.0 

3017.1 

2582.5 

1975 

323.4 

318.3 

3340.5 


1976 

350.7 

325.3 

3691.2 

3226.0 

1977 

332.8 

313.7 

4024.0 

3539.8 

1978 

323.3 

294.6 

4347.3 

3834.4 

1979 

306.5 

276.1 

4653.9 

4110.5 

1980 

309.3 

264.8 

4963.2 

4375.2 

1981 

310.1 

264.3 

5273.3 

4639.5 


From Chemical Manufacturers Association [1982]. 
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TABLE 6. CFG, Lifetime Estimates Derived From the Trend at Each ALE Site 



Reciprocal 


Approximate Weight 


Lifetime, 

Lifetime, 

Given to Station 

Site 

(years)* 1 ± l<r 

(years) ± l«r 

in Optimal Code 


Silicone Column 



Adrigole, Ireland/ 




Cape Meares, Oregon 

0.0208 ± 0.0040 

48!i J 

149 :!?* 

no:H 

0.2 

Ragged Point, Barbados 

0.0067 ± 0.0038 

0.2 

Point Matatula, American Samoa 

0.0221 ± 0.0075 

0.1 

Cape Grim, Tasmania 

0.0077 ± 0.0026 
Porasil Column 

0.5 

Adrigole, Ireland/ 


43 

<7+ 19 

ii5:if’ 


Cape Meares, Oregon 

0.0230 ± 0.0042 

0.3 

Ragged Point, Barbados 

0.0176 ± 0.0045 

0.2 

Point Matatula, American Samoa 

0.0087 ± 0.0056 

0.2 

Cape Grim, Tasmania 

0.0018± 0.0038 

556! ? 77 

0.3 


the fractions of the annual emission of CFCI, released in each 
semi-hemisphere by using the formulae 

/(90°N-30°N) = (^B-^e + D-ttjJ(B + C + D) 
/(30°N-0°) = Q « + 5 B + i «)/(B + C + D) 
/(0°-30°S) = ^ C/(B + C + D) (17) 

/(30°S-90°S) = (^ C + ^ a )/( S + C + D) 

where a is the annual production of India plus Argentina 
[CMA, 1981b]; B and C are the annual total sales by CMA 
reporting companies in the northern and southern hemi- 
spheres, respectively [CMA, 1976, 1977, 1978, 1979, 1980, 
1981b]; D is the annual total production by Eastern Europe, 
U.S.S.R., India, and Argentina [CMA, 1982]; and e is the total 
of annual exports from the European Economic Community 
(EEC) to countries outside the EEC [ Department of Environ- 
ment, 1979; Committee of European Communities, 1980, 1981; 
Bevington and Wallace, 1981]. We assume EEC exports are 
released equally in the 90°N-30°N and 30°N-0° regions, and 
the India plus Argentina production is released equally in the 
30°N-0° and 30°S-90°S regions. The distributions of emis- 
sions within each hemisphere resulting from sales by CMA 
reporting companies are determined from the locations of the 
reporting companies and their subsidiaries. Sales by the re- 
porting companies were increased by 1.5% to account for 
CFCI, emission during manufacture. 

Using equation (17), we calculate average / values for the 
5-year period 1976-1980 of 0.785, 0.160, 0.031, and 0.024 in 
the 90°N-30°N, 30°N-0\ 0°-30°S, and 30°S-90°S semi- 
hemispheres, respectively. For the CFC1 3 lifetime calculations 
in the following section, we have used these average f values 
for the 10-year period July 1, 1971, to June 30, 1981. These / 
values are consistent with independent estimates of the global 
distribution of CFCI, and CF 2 C1 2 consumption in 1974 [De- 
partment of Environment, 1979]. 

Prior to July 1, 1971, we assume that CFCI, emissions are 
confined to the 90°N-30°N region. We note that interhemi- 
spheric mixing of CFCI, is sufficiently fast so that the behav- 
ior of CFCI, during the ALE program is insensitive to as- 


sumptions about / values for periods several years or more 
prior to the program. 

5. Trend Estimate of Lifetime 

The algorithm used to derive lifetimes of the chlor- 
ofluorocarbons must be appropriately constrained by a priori 
and measurement uncertainties. In the results to be presented 
here for CFCI, (as well as in the results for the other ALE 
species presented in the following papers) a priori error bars 
have been specified at artificially large values so that the esti- 
mates obtained are based solely on the ALE data. As was 
explained in section 2 , the algorithm is constrained to produce 
a trend estimate of the lifetime by allowing it to estimate 
simultaneously an absolute calibration factor A for each 
species. We argue that the best estimate of the horizontal 
transport factor, F, is derived from the latitudinal distri- 
butions of the mean concentrations of the ALE species. As will 
be discussed in section 6 , seasonal variations assumed in the 
model transport rates tend to produce an overprediction of 
the observed seasonal variations of the ALE species. There- 
fore, in the calculation of lifetimes, based upon trends over a 3 
year period, the two-dimensional model results have been pre- 
filtered by replacing each month's calculated value by a 12 
month average. As shown in Table 2, the partial derivatives, 
5(1 n Xc)/<K I/*), differ from site to site; there is therefore a tend- 
ency for the algorithm to adjust the lifetime (as well as F) so as 
to minimize differences between the calculated and the ob- 
served latitudinal gradients. Therefore, as indicated in section 
3, to force the algorithm to base its lifetime estimates only on 
the temporal trends at the ALE sites, the latitudinal mean 
value of 5fln x c )/5(1/t) is used to process the CFCI, data from 
each site. 

In presenting the lifetime estimates it is useful to first give 
the results obtained by processing each ALE station’s time 
series individually with the optimal code. This is achieved by 
fixing all the state vector elements except for the absolute 
calibration factor A and the lifetime x for the species being 
examined. The transport factor F is fixed at the value ( 1 . 6 ) 
which gives the best fit to all the ALE data. In these calcula- 
tions, the partial derivatives used are those calculated on the 
basis of a tropospheric lifetime t, ■= 10 * years and a varying 
stratospheric lifetime r, (see line 3 in Table 2). The lifetime 
estimates obtained for each site and their error bars are given 
in Table 6 . Approximate weights which are used (internally) in 
the algorithm to produce a maximum likelihood optimally 
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TABLE 7. Reciprocal CFCIj Lifetime Estimates (Years -1 ) and Their Standard Errors as Function of 
Time Obtained by Averaging and by Optimally Combining the Lifetime Estimates at the ALE Sites 



CFCIj 

(S) 

CFCIj 

(P) 

Time Period, 
month/year 

Optimal 

Combination 

Average 
(Equal Weight) 

Optimal 

Combination 

Average 
(Equal Weight) 

7/78-6/79 

7/80-6/81 

7/78-6/80 

7/79-6/81 

7/78-6/81 

0.0238 + 0.0103 
0.0379 ± 0.0089 
0.0069 + 0.0035 
0.0155 + 0.0032 
0.01 14 ±0.0018 

0.0415 ±0.0221 
0.0303 ± 0.0103 
0.0177 ± 0.0127 
0.0075 ± 0.01 15 
0.0144 ± 0.0041 

0.0205 ± 0.0120 
0.0317 ±0.0104 
0.0121 ±0.0041 
0.0121 ±0.0037 
0.0127 ± 0.0021 

0.0205 ± 0.0199 
0.0264 ± 0.0138 
0.0138 ± 0.0072 
0.0098 ± 0.0086 
0.0128 ± 0.0046 


combined estimate are also given in Table 6. These weights 
and the uncertainties in reciprocal lifetimes are based upon the 
estimated variances in the measurements which are derived by 
the same procedure as was used in the empirical model fit. In 
fact, we have used the <r' 0 2 (see equation (16)) determined from 
the residuals with respect to the best fit empirical models (in- 
stead of with respect to the best fit two-dimensional model 
calculation). These a' 0 2 reflect short ( < 1-2 years) time scale 
variations in the data and by using these values in the noise 
matrix we avoid biasing the all-site lifetime estimate by vari- 
ations on a time scale of 3 years or more which might be 
produced at an individual site by year to year climatological 
variations which are not described by the two-dimensional 
model. 

Table 6 shows that there exist significant (i.e., > Iff) differ- 
ences both between the lifetimes estimate of the ALE sites and 
between the lifetime estimates on the two columns at the same 
site. These differences indicate that the uncertainties (i.e., a 1 in 
equation (16)) inserted into the optimal estimation procedure 
may be low by a factor of approximately 2 (this factor was 
estimated by using a variation of the student t test). That is to 
say, it appears that CFCIj trends at individual sites are being 
biased by variations of instrumental or atmospheric origin on 
time scales longer than approximately 1 year. The fact that the 
CFCIj (S) and CFCIj (P) lifetime estimates are significantly 
different at most sites suggests that these biases probably are 
of instrumental origin. If the site to site differences, as reflected 
in the standard errors in the average estimate of lifetimes 
given in Table 7, are examined as a function of time, a tend- 
ency for the standard errors to vary as N~ 311 , where N is the 
number of years of observations, is noted. This suggests that 
variations of time scale 1 or 2 years may exist in the ALE 
record (which may be unaccounted for in the procedure used 
to determine a 1 ) but that longer term variations are small. 

In Table 7 we present the results for lifetime estimates ob- 
tained by using the optimal code which processes data from 
all four ALE stations simultaneously. We note that the indi- 
vidual station lifetimes given in Table 6 may be optimally 
combined by using the weights given in that table to yield a 
result which is almost the same as that obtained with the 
optimal code (in which the weights are slightly time- 
dependent). From Table 7 the optimally estimated reciprocal 
lifetime of CFC1 3 is .0121 years' 1 giving a lifetime of 83 years. 
It may be noted from Table 6 that for the silicone column 
data, Point Matatula, American Samoa, is receiving very little 
weight while Cape Grim, Tasmania, is contributing substan- 
tially to this lifetime estimate. Some justification for this distri- 
bution of weighting is given in Figures 12 and 13 in which the 
residuals formed by differencing the monthly observations and 
the two-dimensional model calculation (for a lifetime of 83 


years) are given. In Figure 12 it may be noted that the re- 
siduals on the silicone column are exceptionally large during 
the first 18 months of operation at Point Matatula, American 
Samoa, while those at Cape Grim, Tasmania, are exception- 
ally small. Clearly, the trend at Point Matatula is much less 
precisely determined than that at Cape Grim. It is en- 
couraging to note that while the individual site data on the 
Porasil column is more evenly weighted in obtaining the opti- 
mal estimate of lifetime, the combined estimate for this 
column is similar to that for the silicone column. Additional 
confidence in the optimally estimated result is obtained by 
noting that it seems to be converging faster than the average 
result (cf. the 2 and 3 year results in Table 7). It does seem 
appropriate, however, to use the average site to site differences 
in lifetime to provide an estimate of the reciprocal lifetime 
uncertainty since we have already recognized that the effect of 
temporal autocorrelations on the error bars is quite uncertain 
and that the optimally estimated uncertainty appears to be 
unrealistically small. An upper limit to the uncertainty is then 
obtained by assuming that the Porasil and silicone columns 
do not provide independent estimates of the lifetime. The un- 
certainty limit on the reciprocal lifetime, therefore, is 

(0.0041- 4.OQ046-)-. oow year ,., 

It was noted in the description of the CFQ 3 data that a 
question existed about the validity of the data on the Porasil 
channel at Point Matatula, American Samoa, during July- 
October 1978. Figure 13 indicates that the residuals during 
this period appear to be no worse than at .other times during 
the first 18 months, and it is interesting to note that the opti- 
mal estimate of lifetime for that site does not change during 
the period July 1978 to January 1979 when the data is pro- 
cessed backward in time. 

The estimated lifetime of 83 years applies to the middle of 
the ALE data record (January 1, 1980) and corresponds in our 
calculations to t, « 1 1 years (and t, — 10,000 years). These 
instantaneous or present-day lifetimes in the two portions of 
the atmosphere lead to a steady state lifetime (when the strato- 
spheric content is no longer delayed relative to the tropo- 
spheric content) of 70 years. 

6. Lifetime Determination by the Atmospheric Inven- 
tory Technique 

To estimate the atmospheric inventory of CFCIj from the 
surface observations obtained in ALE, concentrations must be 
estimated at other locations in the atmosphere and, in particu- 
lar, in the stratosphere. We argue that the two-dimensional 
model provides a good fit to the available data and that the 
model results, therefore, may be directly used to estimate the 
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Fig. 12. CFClj (S) residuals with respect to a two-dimensional model calculation with lifetime 83 years on January 1, 
1980 (the trend best fit model). Residuals are given as the natural log of the ratio of the observed to the calculated mixing 
ratio. 


atmospheric inventory. The following paragraphs provide not 
only observational support for the model results but also an 
assessment of the uncertainty limits on the atmospheric con- 
tents in each region of the atmosphere. The inventory lifetime 
and its uncertainty is then derived. 

In the lower troposphere (the region below 500 mbar in the 
model), the atmospheric inventory is estimated to be the 
average of the mixing ratios in the four boxes in which the 
ALE supplies measurements multiplied by the mass of this 
region of the atmosphere. In support of this estimate and for 
ease of comparison with the ALE and other CFClj measure- 
ments in the lower troposphere, the model results in each of 
the four lower tropospheric boxes have been fitted with an 
empirical model similar to that used to fit the ALE data, 
namely. 


*■ • * + {hr) * + c ' eos (tt) 

f 4nt\ . (2 nt\ . f4nt\ 

+ Ca “ s (.ttJ + *‘ s " 1 vttJ + J i sln (jtJ 

This empirical mode! is used to represent output from 


( 18 ) 


the 


two-dimensional model for the period July 1978 to June 1981. 
Since the model output is relatively smooth, containing vari- 
ations on approximately the seasonal scale or longer, it is 
meaningful to derive both annual and semiannual terms in 
(18). The resulting empirical model coefficients are given in 
Table 8. 

A comparison of the coefficients in Table 8 against those 
given in Table 4 reveals that the two-dimensional model 
slightly underpredicts the observed latitudinal variation of a,. 
For comparison, this same model provides an excellent fit to 
the latitudinal variation observed for CF 3 C1 2 [Cunnold el al, 
this issue], but it substantially underpredicts the observed lati- 
tudinal variation of methyl chloroform [Prinrt el al, this issue 
(t>)]. The optimal code gives a horizontal transport factor F of 
approximately 1.6 which is based primarily on fitting the 
CFClj and CF 3 CIj distributions which are more precisely de- 
termined than is the methyl chloroform distribution. Table 8, 
when compared with Table 4, indicates that the two- 
dimensional model does not simulate the observed CFClj sea- 
sonal cycle very well (except at American Samoa), in general 
overpredicting its magnitude. We are currently attempting to 
use this result to derive additional information about large- 
scale transport in the atmosphere. 
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Fig. 13. CFC1 3 (P) residuals with respect to a two-dimensional model calculation with lifetime 83 years on January 1, 

1980 (the trend best fit model). Residuals are given as the natural log of the ratio of the observed to the calculated mixing 
ratio. 

Additional information about the use of our model together some of the earliest measurements utilized coulometry, we su- 
with ALE results for describing the atmospheric inventory of spect this to be a significant contributor to the absolute cali- 
the lower troposphere may be obtained by comparing the bration differences. Of more importance, however, to this 
model predictions against other measurements at different paper is the degree of agreement in the latitudinal distribution, 
times and places. This comparison is given in Table 9 and is The agreement appears to be within the precision of the 
based on filtering seasonal variations out of the two- various measurements except for Lovelock ' s [1973] observa- 
dimensional model results and adding the small seasonal cycle tions. It is to be noted (Table 4) that after identifiable pol- 
observcd in the ALE to correct the model’s seasonal predic- lution events have been removed that Adrigolc, Ireland, and 
tions. Table 8 clearly exhibits some disagreement with respect Cape Meares, Oregon, data give essentially the same con- 
to absolute calibration. It should be noted not only that the centration of CFC1 3 . It is, therefore, concluded that Lovelock's 
ALE absolute calibration experiments [Rasmussen and Love- [1973] observations in the North Atlantic may have been 
lock, this issue] give { = 0.96 based on exponential dilution influenced by regional, temporary pollution. It is also note- 
and coulometric techniques but also that absolute calibration worthy that Point Barrow, Alaska (70°N latitude) exhibits a 
by coulometry alone provides an even smaller f factor. Since mixing ratio 2-3% higher than that at Niwot Ridge, Col- 

TABLE 8. Empirical Model Fit (equation (18)) to the Two-Dimensional Model Calculations Which 
Provide the Best Fit to ALE-Dctermined Trends for CFG, (Current Lifetime - 83 Years) 

Box In' 'a, 

Number a b d c, c, s, j, pptv 


1 

5.190 

0.051 

-0.002 

0.001 

0.000 

0.006 

0.002 

3 

5.156 

0.055 

-0.004 

-0.007 

0.004 

-0.012 

-0.003 

5 

5.091 

0.061 

-0.005 

-0.004 

-0.003 

-0.008 

0.001 

7 

5.082 

0.062 

-0.004 

0.001 

- 0.001 

0.002 

0.000 
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TABLE 9. Comparison Between Best (Trend) Fit Two-Dimensional Model and Non-ALE Observations of CFCI, 


Dale 

of 

Measurement 

Box 1 


Box 3 

Box 5 


Box 7 


Reporter 

Mean 

Reported Calculated 

Measurement, Mixing 
pptv Ratio 

Mean 

Reported 

Measurement, 

pptv 

Calculated 

Mixing 

Ratio 

Mean 

Reported 

Measurement, 

pptv 

Calculated 

Mixing 

Ratio 

Mean 

Reported Calculated 

Measurement, Mixing 
pptv Ratio 

Nov. 1971 

70 

81 

50 

78 

43 

67 

39 

66 

Lovelock ei al [1974] 

Nov.-Dee. 1972 



67 

90 

64 

77 

60 

76 

Wilkniss ei al. [1975] 

March-April 1974 

95 

112 

86 

105 

76 

96 



Wilkniss et al. [1975] 

March 1976 



128 

131 

118 

121 



Rasmussen et al. [1977] 

Sept. 1978 

169 

170 

164 

162 

155 

149 



Deluisi [1981] 

Jan. 1, 1980 

179 

180 

172 

174 

162 

165 

160 

162 

ALE 


Box 2 


Box 4 

Box 6 

Box 8 



Mean 


Mean 


Mean 


Mean 



Date 

Reported 

Calculated 

Reported 

Calculated 

Reported 

Calculated 

Reported 

Calculated 

of 

Measurement, 

Mixing 

Measurement, 

Mixing 

Measurement, 

Mixing 

Measurement, 

Mixing 


Measurement 

pptv 

Ratio 

pptv 

Ratio 

pptv 

Ratio 

pptv 

Ratio 

Reporter 

Fall 1976 



135 

138 

131 

127 

128 

126 

Rasmussen and Krasnee 










[1977] 


orado (40° N latitude) [DeLuisi, 1981]. The implicit assump- 
tion of a linear gradient within a two-dimensional model box 
is therefore reasonable for box 1 which, because most of the 
atmospheric injection occurs in this box, might be considered 
to be where the assumption is particularly questionable. We 
conclude, therefore, that the two-dimensional model is provid- 
ing an accurate simulation of CFG 3 in the lower troposphere. 
Moreover, since the observed difference between the mid- 
latitude northern hemisphere and mid-latitude southern hemi- 
sphere mixing ratios is only 11%, the precision of the estimate 
of the atmospheric inventory in the lower troposphere by the 
two-dimensional model is probably ± 1 % ( 1 tr). 

The only available latitude survey of CFCI, in the upper 
troposphere of which we are aware is by Rasmussen and Kras- 
nec [1977]. From Table 8 it is noted that the model over- 
predicts the observed gradient. The predicted gradient can be 
reduced by increasing transport rates in the model and, in 
particular, the vertical transport rate. However, the two- 
dimensional model predicts that the average mixing ratio in 
the upper troposphere is, in any case, approximately 99% of 
that in the lower troposphere. Any increase in vertical trans- 
port rates can only increase this ratio to 100%; it therefore 
seems reasonable to use the calculated mixing ratio to esti- 
mate the atmospheric inventory and to assume that there 
exists an uncertainty of ± 1% (l«r) in this estimate. 

Stratospheric observations of CFG 3 have been reported by 
several authors with the most extensive set of measurements 
being given by Goldan et al. [1980] (see also the recent WMO 
report [World Meteorological Organization, 1981]). If the 
measurements are referenced to height above the tropopause 
[see Goldan et al., 1980, Figure 15] the altitude profile in the 
stratosphere is relatively independent of latitude. If a mean 
profile and the envelope of the measurements are constructed 
from the available measurements, the average mixing ratio 
above the tropopause (adjusted to January 1, 1980) is calcu- 
lated to be 0.58 ± 0.10 (la) of that below the tropopause. In 
this calculation the uncertainty limits have been extended 
beyond the envelope derived from Figure 15 of Goldan et al 
[1980] to include profiles measured by other investigators 
[e.g., Heidt et al, 1975; Fabian et al, 1979]. The principal 
cause of uncertainty in this calculation is the profile in the 
region from a few kilometers below the tropopause to a few 


kilometers above the tropopause. Using a troposphere to 
stratosphere transport time (r,) of 4 years, a similar upper 
troposphere-to-stratosphere mixing ratio ratio (r) is obtained 
in the two-dimensional model. A somewhat different strato- 
sphere to troposphere mixing ratio ratio has recently been 
obtained in a three-dimensional model by Golombeck [1982], 
Using the temperatures, stream functions, and velocity poten- 
tials from Cunnold et al. [1975] and the presently accepted 
photodissociation cross section of CFCI,, Golombeck ob- 
tained a globally averaged ratio of approximately 0.70 on Jan- 
uary 1, 1981 (i.e., la greater than our calculated value of 0.6). 
A similar ratio can be obtained in our two-dimensional model 
by using t, approximately equal to 3 instead of 4 years. For 
the present, however, we shall be guided by our interpretation 
of the northern hemisphere measurements of CFG, in the 
stratosphere (corresponding to f, = 4 years) but recognize that 
this may result in an underestimate of the stratospheric con- 
tent by approximately 14%. (Note that a change of t, to 3 
years from 4 years shortens the atmospheric lifetime deter- 
mined by the trend technique by just 1 year.) 

According to the optimal estimation algorithm discussed in 
section 5, the (trend) estimated lifetime of 83 years results in 
an overprediction of the atmospheric inventory of CFG 3 on 
January 1, 1980, by 1.0%. This result corresponds to pressure 
weighting and summing the mixing ratio scaling factors dis- 
cussed above to give an atmospheric inventory derived from 
the ALE network equal to 

(0.5 x 1 + 0.3 x 0.99 + 0.2 x 0.99 x 0.58)* ALE 

= (0.91±0.03)x ALE 

where x ALE is the global mean mixing ratio in the lower tropo- 
sphere determined by averaging the four ALE determined 
mixing ratios and multiplying by {. This gives a global chlor- 
ofluorocarbon content of approximately 3730 x 10* kg on 
January 1, 1980 (using 5.137 x 10'* kg for the mass of the 
atmosphere) which may be compared against the accumulated 
release prior to that time equal to 4110 x 10* kg and to a 
content of 3780 x 10 6 kg for a lifetime of 83 years. The life- 
time estimated by the atmospheric inventory technique may 
be obtained by applying the partial derivatives given in Table 
2 to the 1.0% underprediction cited above. Using the average 
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value of the partial derivative d(ln Xc)/<3U/ T J equal to —4.4 in 
the lower troposphere, we obtain an atmospheric inventory 
lifetime of 70 years for January 1, 1980. Since this lifetime is 
shorter than that calculated for stratospheric photo- 
dissociation alone (78 years, Golombeck [1982]), this result 
may also be interpreted as being produced by stratospheric 
photodissociation combined with a small tropospheric sink. In 
that case, the partial derivative from line 4 of Table 2 
(= —7.7) would be used to yield an atmospheric lifetime equal 
to 

/o.0128 + ^ x 0.001 4^| * = 74 years 


7. Discussion 

To specify completely the uncertainty limits on the trend 
and inventory lifetimes, uncertainties in release must be as- 
sessed and combined with the measurement uncertainties. In 
this section, upper and lower limits on the release uncer- 
tainties will first be discussed based on calculations with a 
release code similar to that used by McCarthy et al. [1977]. 
To convert such uncertainties to uncertainties in lifetime, ad- 
ditional calculations were performed with the two-dimensional 
model. In such calculations, all the transport parameters were 
usually fixed and r, was varied so as to obtain a match be- 
tween the observed and the calculated mixing ratios in the 
lower troposphere. It should be noted that this procedure re- 
sulted in some change in r, a parameter that was poorly de- 
fined by observation. Generally, it was found that the partial 
derivative d lny/5fl/r) = —4.4 (see line 3 of Table 2) provided 
a good estimate of the change in the inventory lifetime. 
Changes in release may be interpreted in this way by noting 
that a change in the accumulated release (R\ A In R, will 
produce a similar change in In x which must then be com- 
pensated for by a change in r r The trend lifetime uncertainty 
may be derived from the change in HR, where / is the average 
annual release for 1979 and 1980, and using d(l/R)ld( 1/ t ) = 0.36. 

The principal CFCI 3 production uncertainties involve how 
much CFCIj is produced in the Peoples Republic of China, 
which might be 1% of world production, which is neglected in 
the CMA production estimates, and how much is produced in 
the U.S.S.R. During the period 1970-1975, U.S.S.R. pro- 
duction data [Borisenkoi; and Kazakov, 1977] exhibited an 
average increase of 24% annually. The new CMA [1982] re- 
lease estimates have assumed an increase of 18% since that 
time. If the difference between these two trends is assumed to 
be the (2a) uncertainty in the U.S.S.R. production in the 
period 1975-1980, this translates into an uncertainty of ap- 
proximately 0.5% (Iff) in world production in the ALE period 
of observation. Finally, while the CMA reporting company 
production numbers arc believed to be accurate, there exists 
some loss (and release) during production. The revised CMA 
release estimates assume the loss is 1.5%; however, an uncer- 
tainty of 0.5% seems reasonable for this estimate. Combining 
the three sources of uncertainty discussed above as random 
errors, we obtain an uncertainty of ±1.2% (Iff). To translate 
this into an uncertainty in lifetime it will be assumed that this 
error in production translates into an error in release by aero- 
sol cans, open-cell foams, and other prompt release uses for 
CFCIj. 

Two major uses of CFC1 3 have historically been its use as a 
propellant in aerosol cans and its use in the inflation of open- 


cell foams. In both cases, the delay in release relative to pro- 
duction is somewhat uncertain. For aerosol cans, a release 
delay of 6 months is assumed and the uncertainty in this is 
probably ±1 month (Iff). For open-cell foams, there are in- 
dications that the CFC1 3 is lost almost immediately after in- 
jection, and the delay is therefore likely to be considerably 
shorter than 6 months. However, since aerosol cans dominate 
this release category, it seems reasonable to use ± 1 month 
release delay uncertainty for the entire category. 

The third major use of CFC1 3 is in closed-cell foams. 
CMA’s release scenarios for this category assumes 10% im- 
mediate release followed by steady loss over a 20 year period. 
Based on the work of Brandreth and Ingersoll [1980], CMA 
[19806] estimate that the CFC1 3 in a typical closed-cell foam 
possesses a half-life of approximately 80 years. We believe, 
however, that even if this emission estimate is correct that the 
products containing these foams (e.g., houses and refrigerators) 
have a shorter half-life than this and that, therefore, 80 years is 
likely to be a (2ff) upper limit on the lifetime. In our calcula- 
tions we use 10 years and 80 years to provide ±2<x limits on 
the uncertainty in release delay for this use category. 

The effect of these three release uncertainties is summarized 
in Table 10. Production, prompt release, and closed-cell foam 
lifetime uncertainties contribute almost equally to the uncer- 
tainty in the (reciprocal) inventory lifetime combining to give 
a Iff error of 0.0051 years' 1 . For the trend technique, the 
prompt release and closed-cell foam uncertainties contribute 
approximately equally to the reciprocal lifetime uncertainty 
and combine to give a Iff of 0.0036 years' 1 . The uncertainty 
due to release (0.0036 years' 1 ) can be combined with 
measurement uncertainties (0.0044 years' 1 ) to give an uncer- 
tainty in the trend reciprocal lifetime of 0.0057 years' 1 . Based 
on the trend lifetime estimate of 83 years, this translates into 
upper and lower (Iff) limits on the lifetime of 156 and 56 years. 
The lower limit on the lifetime in the presence of stratospheric 
photodissociation (giving a lifetime of 78 years), combined 
with a tropospheric sink, may be found by using a partial 
derivative of 0.42 instead of 0.37 (from Table 2) and is 

0.0128 + (0.0057 - 0.0007) x * = 58 years 

To estimate the inventory lifetime uncertainty, the effect of 
the release uncertainty (0.0051 years' ’) needs to be combined 
with the effect of the 2% uncertainty in absolute calibration 
(0.0045 years' 1 ) and with the effect of the 3.3% uncertainty in 
translating ALE measurements to an atmospheric overburden. 
This last uncertainty consisted of a 1% uniform uncertainty in 
the mixing ratio throughout the atmosphere (giving 0.0023 
years' 1 ) together with an uncertainty primarily in r (resulting 
from uncertainties in f,). The effect of the uncertainty in r has 
been derived by determining the changes in t, and t, which 
would produce the prescribed change in r( — 0A) together with 
no change in the mixing ratio in the lower troposphere (giving 
an inverse lifetime uncertainty of 0.0036 years' 1 ). Combining 
these errors gives an uncertainty in the reciprocal lifetime esti- 
mated by the atmospheric inventory technique of 0.0080 
years' 1 and gives upper and lower (Iff) limits on the 70-year 
inventory lifetime of 159 and 45 years. This lifetime estimate 
and uncertainty range is based on the assumption that the 
stratosphere is the only sink for CFCI 3 ; allowing for a tropo- 
spheric sink (using a partial derivative of —7.7 in place of 
—4.4) would give a lifetime of 74!Jf years where the upper 
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TABLE 10. Effect of Release Uncertainties on the CFCI, Reciprocal Lifetime Estimated Using d(ln R)/5(1 /t) = 4.4 years and 

d(I/R)/d{ 1/r) = 0.36 Where / and R are Expressed in Million kg 


Release Scenario 

— , 

Increase in 
Accumulated 
Release (R) to 
the End of 1979, 

10 6 kg 

A(l/r) 

Inventory 

Technique, 

years" 1 

Average Change in 
Annual Release for 
the Period/Accumulated 
Release 1979-1980 

A(l/t) 

Trend 

Technique, 

years"’ 

1.2% additional 

production released 
as in the prompt 
release category 

58 

0.003 

0.0001 


5 month delay in 

prompt release cate- 
gory (versus 6 months used 
in McCarthy et al. 

[1977]) 

19 

0.001 

-0.0006 

-0.002 

Loss of CFCIj from 
closed-cell foams 
occurs over 10 years 
(this provides 2a 
error so results have 
been divided by 2 to 
get la error) 

67 

0.004 

0.0011 

0.003 

Loss of CFCIj from 
closed-cell foams 
occurs over 80 years 
(results have been 
divided by 2 to get 
la error) 

-67 

-0.004 

- 0.001 1 

-0.003 


limit has no physical meaning since it exceeds the 78 year 
lifetime assumed to be due to stratospheric photodissociation. 

Finally, to facilitate comparison of our results with previous 
estimates of the lifetime of CFCI 3 , the optimal estimation pro- 
cedure has been used to provide estimates of the lifetime based 
upon the pre-1982 CMA release figures [ CMA , 1981a]. The 
trend estimate of the lifetime is 79 years in this case and the 
atmospheric inventory estimate is 115 years assuming the 
presence of stratospheric destruction only. 

8. Conclusions 

Observations of chlorofluorocarbon CFC1 3 obtained several 
times daily over the period July 1978 to June 1981 at Adri- 
gole, Ireland (52°N, 10°W); Ragged Point, Barbados (13°N, 
59°W); Point Matatula, American Samoa (14°S, 17PW); and 
Cape Grim, Tasmania (4 1 0 S, 145°E) have been described as 
well as observations for the period January 1980 to June 1981 
at Cape Meares, Oregon (45°, 124°W). A procedure for esti- 
mating two-dimensional model parameters that provide the 
best fit to these observations in a weighted least squares sense 
has also been described. By using weighting factors based on 
the uncertainties in the monthly mean measurements, the data 
was first fit with an empirical model consisting of a linear 
trend, a curvature term, and an annual cycle. This model indi- 
cated that latitudinal differences were well defined by the ob- 
servations with an average difference between northern and 
southern hemisphere mid-latitudes of 11%. A latitudinal pro- 
gression in the temporal trend consistent with the northern 
hemisphere injection of chlorofluorocarbons was also noted. 
Only at American Samoa was there clear evidence of an 
annual cycle in the observations. Averaging the observations 
from the four semi-hemispheres of the globe, the average 
mixing ratio of CFC1 3 in the lower troposphere on January I, 


1980, was 168 pptv, and it was increasing at 5.7% per annum 
at that time. 

Substitution of the empirical model by a nine-box, two- 
dimensional model of the atmosphere allowed atmospheric 
lifetimes to be estimated from the data. Based on the temporal 
trends in the ALE data in each of the four latitudinal regions, 
a lifetime of 83 years on January 1, 1980, was obtained. These 
calculations were based on assuming that stratospheric photo- 
dissociation was the only sink for CFC1 3 . The estimated life- 
time may be compared against recently reported estimates 
from model calculations of 78 years [ Golombeck , 1982] and 74 
years [Owens et al, 1982]. The steady state lifetime was pro- 
jected to be 70 years. 

The lifetime of CFC1 3 was independently estimated based 
upon the average atmospheric inventory of CFC1 3 over the 
period July 1978 to June 1981. The average inventory is esti- 
mated to be 3730 x 10 6 kg; this corresponds to a lifetime of 
70 years if there were no tropospheric destruction of CFC1 3 
and to a lifetime of 74 years if stratospheric destruction were 
fixed to correspond to an atmospheric lifetime of 78 years. 

Uncertainties in these estimates of lifetime were assessed. 
For the trend technique, the uncertainty resulted from differ- 
ences between the measured and the predicted trends at each 
site and from uncertainty in the rate of release of CFCI 3 into 
the atmosphere. It was argued that the trend differences prin- 
cipally resulted from measurement errors rather than from 
inadequacies in the two-dimensional model and that the re- 
lease uncertainty was dominated by the uncertain lifetime of 
CFC1 3 used in closed-cell foams and by the uncertain delay in 
release relative to production for the prompt release uses of 
CFC1 3 [CM/4, 1982]. These uncertainties produced a (la) un- 
certainty range of 56-156 years for the trend lifetime estimate 
under the conditions of stratospheric destruction only (and a 
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lower limit of 58 years if stratospheric destruction were fixed 
at a value corresponding to a lifetime of 78 years). 

Uncertainties in the lifetime estimated by the atmospheric 
inventory technique were also assessed. These consisted of a 
2% uncertainty in the absolute calibration, a 3.3% uncer- 
tainty in translating measurements of CFCI, at the surface 
into a global inventory — primarily due to uncertainty in the 
stratospheric content — and uncertainties in the release of 
CFCI] into the atmosphere of approximately 2%. The last of 
these uncertainties consisted of production uncertainties, prin- 
cipally related to whether or not the Peoples Republic of 
China is producing chlorofluorocarbons and uncertainties in 
the releases from closed-cell foams. These uncertainties were 
combined to give a range for the lifetime estimate by the 
atmospheric inventory technique 70 years for stratospheric 
destruction only and a range of 14 * years for the case of 
fixed stratospheric destruction. A note of caution on these 
uncertainty limits is that the absolute calibration uncertainty 
was derived from studies by just two investigators [Rasmussen 
and Lovelock, this issue]. 

Finally, the two independent techniques for obtaining a life- 
time may be combined to yield a maximum likelihood esti- 
mate of the lifetime of 78 years. In deriving this estimate, the 
trend technique is favored because of the slightly smaller un- 
certainty limits associated with its estimate (this was one of 
the anticipated results of the ALE experiment suggested in 
Cunnold et al. [1978]). 


Appendix 

Analysis using the optimal estimation procedure may most 
easily be understood by considering the following example of 
its application to the estimation of two elements of a state 
vector from two measurements of a single specie. Let the a 
priori covariance matrix be 


the partial derivative matrix be 


Z In X c , 8 In x C2 \ 

es l es 2 

c In £ In Xc, I 

es , es 2 I 

where y c is a calculated mixing ratio of CFC1 3 and it is as- 
sumed that p, —p corresponding to the first state vector 
element being a calibration “error" (in which case p, = p,' = 

1 ), and the noise matrix of the measurements be 





and 


S 2 = S 2 ° 

| C2{^|[g2 2 P2-C|P| 2 (P2'-P2)]+^;[gl 2 P2' + C|P 1 2 (P2'-P 2 )]} 
(<• iPl 2 +C2P2 >2 1 +(ClPl 2 + ClPl Vl 1 +C l C 1 p l 2 (P 2 ' -P2) 2 ' 


(A2) 


These solutions provide two interesting limiting cases. First, 
Pi = Pi\ 


and 


- rf (A3) 

VlPl +C2P2J V a l +°2 J 

W,« + f— r f— ^ - ¥< ) <A4> 
VlPl +C2P2V V + °2 ) 


Thus, the measured deviations (5) are weighted inversely as 
their uncertainty and contribute to updates of both S, and S 2 
in the proportion c l p i :c 2 p 2 . This situation may arise when we 
attempt to deduce the calibration error and the lifetime from 
just a few months of data at a single site since dpjdt is small. 

The more interesting limiting case is when o 2 = <j 2 2 ~ 0. 
Then 


s, = s,° + 


Pl'^l ~ P2&2 
PlIPl ~ P 2 ) 


c ■> ■ *« +&2 , P 2 + P 2 (<5i ~ 2 ) 

*^1T I 

2 P, 2 p, (p 2 - p 2 ) 


S 2 = S 2 ° 


+ 


P2 ~ Pi 


(A5) 

(A6) 


Thus, for two measurements at a single site at different times, 
the lifetime, S 2 , will be determined by the trend method. For 
measurements at the same time at different locations the life- 
time (or the diffusion coefficient factor if it is the unknown) 
will be determined by the horizontal gradient. In either case, 
the absolute calibration error, S,, receives an update from the 
mean underprediction, (<5, + S 2 )/2, together with a contri- 
bution from the update of S 2 , ( S 2 — <5 , )/(p 2 1 — p 2 ). This effect 
produces nonzero off-diagonal elements in the covariance 
matrix. 

A second useful example of the application or the optimal 
estimation analysis to ALE data is obtained for a series of 
measurements (al! having equal uncertainty) of a single specie 
at a single station. Then it can be shown analytically that, for 
a 2 -* 0 the update of the lifetime is given by 



"JMMM a 


Z XOh-p/ 

l-l J-l 


(A 7) 


If 5j and <5 3 are the deviations of the measurements from the 
model predictions made by using the state factor, (S,°, S 2 °) = 
(In A, 1/t), then it can be shown that the new estimates of the 
state vector are 

S t «=S,° 

f|Pl{^l[g2 2 +^P2'(>2' ~ P2)]-F^3[g| 3 -C2P2(P2'-P 2 )]} 
(c,p, 2 + C 2 p 2 2 )o 2 2 + (C i p 1 2 + CjPj'V, 1 +C t c 2 p t 2 (p 2 '-p 2 ) 2 

(Al) 


where 


R 


N 


Z (Pi - pX^i - S) 
1 


No„a t 


and overbar denotes the mean of the N observations. The 
variance of this estimate can be shown to equal 
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which is identical to the result given in equation (4) of Cunnold 
et al. [1978]. 
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The Atmospheric Lifetime Experiment 
4. Results for CF 2 C1 2 Based on Three Years Data 

D. M. Cunnold, 1,2 R. G. Prinn, 2,3 R. A. Rasmussen, 4 P. G. Simmonds, 5 F. N. Alyea, 1,2 

C. A. Cardelino, 1,2 and A. J. Crawford 4 


Observations of dichlorodifluoromethane obtained several times daily over the period July 1978 to 
June 1981 at Adrigole, Ireland (52°N, 10°W), Ragged Point, Barbados (13°N. 59°W), Point Matatula, 
American Samoa (I4°S, 171°W), and Cape Grim, Tasmania (4TS, I45°E). arc reported. Observations 
at Cape Meares, Oregon (45°N, 124°W). are also given for the period November 1980 to June 1981. On 
January I, 1980, the average mixing ratio of dichlorodifluoromethane in the lower troposphere is 
estimated to have been 285 pplv and to have been increasing at 6.0%/year. The atmospheric lifetime of 
this compound is estimated from this data by adjusting its destruction rate in a two-dimensional model 
of the atmosphere so as to provide the best fit to the observations. Assuming destruction of CF 2 CI : in 
the stratosphere only, the lifetime estimate for January I, I960, by the inventory technique is 692’S 
years. The trend technique principally provides a lower limit to the lifetime of 81 years. The resuhs 
suggest a need for further assessment of dichlorodifluoromethane release estimates, particularly those 
from the USSR and eastern Europe. 


1. Introduction 

Measurements during the 1970s indicate that dichlorodi- 
fluoromethane (CF 2 C1 2 ) is steadily accumulating in the atmo- 
sphere. This accumulation is not surprising since the atmo- 
spheric lifetime of dichlorodifluoromethane, owing to its 
only recognized sink (stratospheric photodissociation), is 
calculated by Golombeck [1982] to be about 222 years 
(currently) and by Owens et al. [1982] to be 120 years (at 
steady state). For reference in this paper we shall assume an 
intermediate value of 180 years to represent the lifetime on 
January 1, 1980, resulting from stratospheric photodissocia- 
tion only. The major uncertainty in this figure is the result of 
uncertainties in the relevant absorption cross sections and in 
the transport of CF 2 C1 2 into and through the lower strato- 
sphere. Despite the observed accumulation, model calcula- 
tions indicate that current CF 2 CI 2 (and CFClj) levels are not 
high enough to produce detectable effects on ozone [ Penner , 
1982], However, the very long lifetime, combined with 
current industrial release rates of CF 2 C1 2 , leads to the 
prediction that it could have marked effects on ozone by the 
end of this century [ World Meteorological Organization, 

1982] . The magnitude of the ultimate effect depends upon 
many factors, including the future release rates of chloroflu- 
orocarbons into the atmosphere, the rate of chemical inter- 
actions involving certain radical species in the stratosphere 
and with other source gases whose concentrations are in- 
creasing (A. J. Owens et al., unpublished manuscripts, 

1983) , and the true (rather than theoretical) atmospheric 
lifetime of CF 2 C1 2 . 

Atmospheric observations of dichlorodifluoromethane 
during the 1970s have been fewer than for trichlorofluoro- 
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methane, and while it has been obvious that dichlorodifluo- 
romethane has been accumulating in the atmosphere, precise 
experimental estimates of its lifetime have not been made. If 
dichlorodifluoromethane were to possess an additional sink 
comparable with its stratospheric photodissociation, its ulti- 
mate effect on atmospheric ozone would be reduced approxi- 
mately 50%. 

Cunnold et al. [1978] calculated that a network of four 
surface measurement sites around the world could, with 
three to four years of measurements, substantially reduce 
the uncertainties in then existing estimates of the CFCI 3 and, 
by implication, the CF 2 C1 2 lifetime. This study, moreover, 
emphasized that because the rate of increase of these two 
chlorofluorocarbons with time was changing during the late 
seventies, their temporal trends in the atmosphere could be 
used to deduce a lifetime. Furthermore, such a lifetime 
estimate substantially eliminated instrumental absolute cali- 
bration uncertainties and absolute errors in production and 
release that would alias results obtained by a direct analysis 
of the instantaneous atmospheric inventory of these chloro- 
fluorocarbons. 

On the basis of the above theoretical work, experimental 
measurements of CFCI 3 , CF 2 C1 2 , CH 3 CC1 3 , CCl*, and N 2 0 
were instigated and have been made almost continuously, at 
approximately 6-hour intervals, by using HP5840A gas chro- 
matographs at Adrigole, Ireland, Ragged Point, Barbados, 
Point Matatula, American Samoa, and Cape Grim, Tasma- 
nia, since July 1978 and at Cape Meares, Oregon, since 
January 1980. An overview of the experiment, which is 
known as the atmospheric lifetime experiment (ALE) is 
provided in Prinn et al. [this issue (a)]. The calibration 
techniques are discussed by Rasmussen and Lovelock [this 
issue]. The technique for the simultaneous analysis of all the 
ALE data to determine species lifetimes and global circula- 
tion rates is described by Cunnold et al. [this issue] and 
applied specifically to CFCI 3 . It is therefore recommended 
that this latter paper be consulted before the present paper. 
In this paper we first present the ALE results for the three 
year period July 1978 through June 1981 for the chlorofluoro- 
carbon CF 2 C1 2 . The analysis of these results in terms of the 
industrial emission rates, global circulation, and atmospheric 
lifetime of CF 2 CI 2 are then discussed in detail. 
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Fig. 1. CFjClj daily means (pptv) and standard deviations at Adrigole, Ireland (52°N, I0°W) for the period July, 1978 
to June, 1981. Changes of the calibration gas tank are noted on the upper abscissae. 


2. Global CF 2 CI 2 Data 

Figures 1-5 show the daily CF 2 CL data for the period July 
1978 to June 1981. The range of the (-4) measurements on 
each day is indicated by the error bars that correspond to 
one standard deviation. Each measurement has been cali- 
brated by direct comparison with the known concentration 
of CF 2 CI 2 in the on site calibration tank and an absolute 


calibration factor of 0.95 [/?asm« 5 jen and Lovelock, this 
issue] has been applied to all the data. The chromatographic 
analysis of CF 2 CI 2 uses a Porasil column and an electron 
capture detector. 

The Adrigole, Ireland, CF 2 C1 2 data (Figure I) contains the 
most gaps, primarily because of the elimination of pollution 
events that have been identified by correlated increases of 
CFCI 3 , CF 2 C1 2 , and CH 3 CCI 3 and with elevated levels of 
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Fig. 2. CFjCI 2 daily means (pptv) and standard deviations at Cape Meares, Oregon (45°N, I24°W) for the period 
December, 1979 to June, 1981. Changes of the calibration gas tank are noted on the upper abscissae. 
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Fig. 3. CF 2 CL daily means (pptv) and standard deviations at Ragged Point. Barbados (I3°N. 59°W) for the period 
July, 1978 to June, 1981. Changes of the calibration gas tank are noted on the upper abscissae. 


perchloroethylene. These events generally last for a few 
days. In the spring and summer of 1981, electrical supply 
problems occurred at Adrigole, which produced some gaps 
in the CF 2 C1 2 record at that time. 

At all sites the precision of the measurements appears to 
vary from time to time. A deterioration of instrumental 
precision is usually associated with the aging of components; 
sudden increases in precision, on the other hand, may be 
produced by a major overhaul of the instrument. Changes in 
precision arc also associated with occasional decisions by 
the field investigators to report chromatogram peak heights 
instead of the usual machine-derived areas. The latter deci- 
sions are usually associated with a substantial degradation in 
the instrument's normal sensitivity and have usually been 
made to apply to extended periods of time rather than to 
isolated events. The manual measurement of peak heights 
often results in a more precise, but not necessarily more 
accurate, estimate of the CF 2 CI 2 concentration. 

The CF 2 C1 2 record at Cape Meares covers only nine 
months because of contamination during the first nine 
months of operation at this site by a leaky air conditioner in 


the ALE building. As may be seen from the continuity of the 
data after October 1980 pollution events at Cape Meares, 
Oregon, are rare (only at Adrigole, Ireland, is the perchlor- 
oethylene level sufficiently high to provide an independent 
assessment of regional pollution). 

The CF 2 C1 2 record at Ragged Point, Barbados, is notewor- 
thy for the substantia! day to day variability occurring in July 
through November of each year. This may, in part, be due to 
effects on the island's power supply resulting from the 
intense storms, including hurricanes, that occur at this time 
of year. There is, however, strong evidence, based on 
simultaneous decreases of CFC1 3 , CF 2 Ci 2 , and CHjCCIj, 
that southern hemisphere air is occasionally intruding into 
the northern hemisphere at this time of year. The instrument 
was out of operation in April 1979 because of difficulties in 
obtaining necessary supplies. 

The most severe problems associated with the electrical 
supply and with the remoteness, and therefore inaccessibil- 
ity, of the ALE sites have been experienced at Point 
Matatula, American Samoa. The instrument was burned out 
by surges in the electrical supply in October 1980 and 
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Fig. 4. CF 2 CI 2 daily means (pptv) and standard deviations at Point Matatula. American Samoa (I4°S, 17I“W) for the 
period July, 1978 to June, 1981. Changes of the calibration gas tank are noted on the upper abscissae. 

January 1981; it did not return to full operation until May have been monitored occasionally in Oregon over the three- 

1981. A visual inspection of the CF 2 CI 2 record at Point year period. In most cases, the calibrated value of the tanks 

Matatula suggests that there is a discontinuity in the record has been found to be maintained to a precision of better than 

occurring on November 10, 1978. At that time the sample 0.5% [Rasmussen and Lovelock, this issue]. Any discontin- 
loop size was changed from 3 to 2 ml; we are, however, uities in the ALE data record due to replacement of the 

unaware of any reason why this should have produced such calibration tank (indicated on the upper abscissae of the 

a discontinuity. However, the N 2 0 record, which has been figures) should not generally, therefore, exceed approxi- 

very stable since November 1978 and which is also obtained mately 1%. Tank 084, which was used at Cape Grim, 

on the Porasil column, exhibited an anomalous trend during Tasmania between February and September 1980, however, 

the first four months of operation. This suggests that the showed a drift in CF 2 CI 2 of approximately 0.8 pptv/month 

trend of CF 2 CI 2 from July to November 1978 may be over the period January 1980 to November 1981, a change 

anomalous. It is interesting to note that there often exists at far larger than that for any other ALE tank. Because no 

Point Matatula as well as at all the other sites a characteristic reasonable assumption about the calibrated value of CF 2 CI 2 

“down then up" signature that is produced over the course in this tank removed discontinuities in the ALE record, this 

of the week following a change of calibration tanks. period has been removed from the Cape Grim, Tasmania 

Before discussing the data at Cape Grim, Tasmania, a note CF 2 CI 2 data. At Cape Grim, the sample loop size on the 

on the calibration tanks is necessary. The CF 2 CI 2 in the ALE Porasil column was changed from 4 to 3 ml on November 4, 

calibration tanks was measured to a precision of 0.5% prior 1978, and as at Point Matatula, a visual inspection of the 

to shipment to the sites and (except for a few tanks that were record suggests the possible presence of a discontinuity 

inadvertently emptied during return shipment) again on associated with this change. During the period December 

return to Oregon. Some of these tanks have been rechecked 1978 to January 1979, the air sample inlet valve became 

for calibration and returned to the ALE sites, while others obviously contaminated, and this period has been removed 
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Fig. 5. CF 2 CIj daily means (pptv) and standard deviations at Cape Grim, Tasmania (41°S, I45°E) for the period July, 
1978 to June, 1981. Changes of the calibration gas tank are noted on the upper abscissae. 


from the record. Overall, however, we note that there 
appears to be, not unexpectedly, less variability of CF 2 C1 2 at 
Cape Grim, Tasmania, than at the other sites, which should 
result in a more precise estimate of the trend there. 

The data shown in Figures 1-5 has been processed to yield 
monthly means and standard deviations. The results are 
given in Table 1. The analysis of the data to yield lifetimes is 
based on the data in Table 1 . 

The optimal estimation code described in Cunnold et al. 
[this issue] has been used to determine the best fit empirical 
model to the monthly mean values derived from the data 
shown in Figures 1-5. The form of the empirical model used 
is 



where X/ is expressed in pptv and t is given in months with 
month I being July 1978. The data is thus being fitted with a 


linear trend, a curvature, and an annual cycle. Since the 
Cape Meares, Oregon, record contained only nine months of 
data, no attempt was made to model it. The analysis proce- 
dure provides maximum likelihood estimates of the above 
parameters, weighting each months' data by 



where a m is the standard deviation of the measurements 
during the month m, n m is the number of observations made 
during the month divided by 12 (to allow for a typical 
observed three-day correlation between the measurements), 
and <r 0 2 is the variance of the residuals of the monthly mean 
observations relative to the empirical model (<v) (deter- 
mined a posteriori and given in Table 2) multiplied by a 
factor M. For CF 2 C1 2 , tr 0 2 is typically about twice cr m 2 ln m . 
The factor M was obtained, as described in Cunnold et al. 
[this issue], from an examination of the temporal autocovar- 
iance of the residuals and is intended to account for the effect 
of month to month autocorrelations on the uncertainty of 
estimating a trend bj in the data. This factor produced 
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TABLE I. Monthly Averaged CF^CI; Mixing Ratios * (pptv), Their Standard Deviations <r„, (pptv). and the Number of Measurements 
During Each Month (N) Determined From Measurements at the Five ALE Sites Over the Period July 1978 Through June 1981 


Cape Meares. Ragged Point, Point Matatula, Cape Grim, 

Adrigole. Ireland Oregon Barbados American Samoa Tasmania 


Month 

X 


N 

X 

<r„, 

N 

X 

<r„, 

N 

X 


N 

X 

(r„, 

N 

July 1978 

273.7 

7.1 

235 




269.0 

2.9 

124 

241.7 

2.3 

42 

241.9 

1.2 

54 

Aug. 1978 

275.0 

6.2 

200 




270.2 

4.2 

102 

243.1 

2.9 

80 

243.0 

3.0 

86 

Sept. 1978 

274.9 

5.7 

214 




268.5 

5.3 

132 

247.9 

2.0 

98 

245.8 

1.8 

65 

Oct. 1978 

277.7 

4.5 

159 




269.4 

3.9 

84 

251.3 

2.5 

68 

247.6 

1.7 

50 

Nov. 1978 

277.5 

5.4 

107 




268.2 

3.8 

79 

256.8 

4.2 

84 

253.1 

1.2 

66 

Dec. 1978 

281.9 

4.6 

45 




273.4 

2.0 

104 

260.1 

2.9 

48 

252.9 

1.3 

43 

Jan. 1979 

285.1 

4.7 

76 




276.7 

2.7 

88 

264.2 

1.1 

20 

256.0 

1.4 

50 

Feb. 1979 

284.4 

4.8 

32 




275.1 

2.6 

86 

264.7 

2.0 

98 

256.7 

1.6 

98 

March 1979 

283.7 

4.9 

69 




276.8 

2.4 

74 

265.9 

2.2 

119 

257.6 

1.4 

112 

April 1979 

285.4 

4.6 

58 




280.0 

.2 

4 

266.9 

2.2 

108 

258.9 

1.5 

110 

May 1979 

289.7 

5.3 

86 




280.3 

1.9 

76 

265.3 

1.7 

105 

260.7 

1.1 

104 

June 1979 

289.6 

4.9 

65 




280.2 

1.9 

42 

265.1 

1.2 

114 

262.2 

1.6 

97 

July 1979 

292.7 

2.8 

107 




283.7 

3.8 

77 

265.9 

1.3 

116 

263.0 

1.5 

92 

Aug. 1979 

295.5 

3.4 

79 




287.7 

2.9 

99 

268.5 

2.1 

113 

264.7 

1.2 

108 

Sept. 1979 

295.4 

4.3 

74 




285.9 

4.7 

107 

268.5 

1.9 

116 

266.0 

1.3 

89 

Oct. 1979 

298.7 

4.4 

54 




286.6 

3.8 

101 

270.7 

2.2 

116 

266.1 

1.3 

100 

Nov. 1979 

305.1 

5.5 

68 




286.2 

3.3 

76 

272.1 

1.9 

122 

267.3 

1.0 

103 

Dec. 1979 

303.7 

3.7 

73 




287.5 

1.7 

105 

273.6 

2.8 

102 

267.8 

.9 

79 

Jan. 1980 

300.7 

2.9 

46 




288.8 

2.3 

109 

278.6 

1.9 

91 

268.9 

1.0 

94 

Feb. 1980 

300.8 

3.2 

64 




289.7 

2.2 

90 

279.3 

2.2 

111 




March 1980 

304.8 

3.1 

75 




292.6 

1.7 

89 

281.0 

2.0 

112 




April 1980 

307.0 

2.6 

81 




293.1 

1.9 

83 

282.7 

2.1 

93 




May 1980 

309.8 

2.9 

45 




294.2 

2.1 

105 

284.0 

2.0 

101 




June 1980 

311.0 

4.6 

88 




298.2 

1.5 

97 

284.7 

l.l 

82 




July 1980 

313.3 

3.3 

91 




301.2 

2.6 

97 

286.3 

1.2 

no 




Aug. 1980 

314.4 

4.1 

88 




302.3 

1.8 

51 

287.5 

1.3 

93 




Sept. 1980 

315.1 

3.2 

83 




303.0 

5.2 

89 

288.8 

1.7 

78 

284.0 

2.2 

52 

Oct. 1980 

316.4 

2.6 

84 




304.4 

4.0 

31 

284.5 

1.6 

13 

284.1 

1.0 

46 

Nov. 1980 

318.7 

2.4 

61 

314.0 

2.6 

106 

305.9 

2.3 

87 

289.7 

1.4 

54 

285.9 

1.7 

102 

Dec. 1980 

318.3 

2.7 

54 

313.2 

2.8 

97 

307.1 

2.8 

78 

291.8 

2.6 

% 

286.4 

1.1 

76 

Jan. 1981 

319.8 

3.7 

95 

314.6 

3.1 

127 

307.9 

1.6 

92 

293.3 

2.3 

36 

287.6 

1.2 

51 

Feb. 1981 

320.9 

3.9 

50 

315.8 . 

4.6 

95 

308.7 

2.2 

79 




286.7 

1.3 

41 

March 1981 

321.0 

2.8 

80 

316.4 

2.6 

112 

305.2 

1.6 

76 




289.0 

1.6 

91 

April 1981 

324.0 

3.4 

45 

317.1 

1.8 

106 

308.8 

2.8 

71 




290.6 

1.1 

61 

May 1981 

324.1 

3.5 

75 

318.4 

2.0 

96 

310,3 

2.5 

72 

2%. 2 

3.4 

83 

292.4 

1.9 

84 

June 1981 

323.0 

3.0 

61 

319.9 

2.1 

107 

310.3 

1.7 

86 

297.2 

3.9 

100 

294.1 

1.3 

68 


The ALE measured values have all been converted to mixing ratios by multiplication by the absolute calibration factor f = 0.95. 


increases of approximately 50 7c in the uncertainty limits for 
Point Matatula, American Samoa, and Cape Grim, Tasma- 
nia, an increase of approximately 20 % at Ragged Point, 
Barbados, and no increase at Adrigole, Ireland. 

The resulting empirical model coefficients and their esti- 
mated ( I cr) uncertainty limits are given in Table 2. The mean 
concentrations of CF 2 CI 2 at each site (and hence the latitudi- 
nal gradients) and the linear trends are apparently precisely 
determined by the ALE data set. The annual cycle is 
apparently weak (as it is for the other ALE species) except at 
Point Matatula, American Samoa; its amplitude and phase 
there is reasonably consistent with that observed for CFClj. 
The curvatures of the trends are fairly well defined and, as 
we shall see, are in the direction of, but are of larger 
magnitude than is to be expected from the atmospheric 
release data. The empirical model fit indicates, that we 


should expect to give significantly less weight to the data 
from Point Matatula than to other sites in determining the 
atmospheric lifetime of CF 2 CI 2 since the trend is less pre- 
cisely determined there. 

In the processing of the data to obtain lifetimes, the data 
from Adrigole, Ireland, and Cape Metres. Oregon, was 
combined (optimally, each site receiving- weight (a „?ln„V') 
into a single time series in order to avoid overweighting mid- 
latitudes of the northern hemisphere. If this time series is 
processed with the empirical model estimation procedure, 
we obtain < 7 , = 5.709, £>, = 0.060, and a residual variance of 
25 x 10 -6 . Thus, despite the limited nature of the Cape 
Meares, Oregon, data, it has a discernable effect on the trend 
deduced at northern hemisphere mid-latitudes. From Table 
1, this effect is evidently produced because Cape Meares 
possesses a mixing ratio of CF 2 CI 2 that is typically about 5 


TABLE 2. Empirical Model Fit (Equation (1)) to Three Years of CF : CU Mixing Ratio Data 


Site 

Of 


d , 

c, 

5 , 

Variance of 
Residuals 
(<V x 1(f) 

Adrigole. Ireland 

5.708 ± 0.002 

0.063 ± 0.002 

-0.008 £ .002 

-0.001 £ 0.002 

0.003 £ 0.002 

27 

Ragged Point. Barbados 

5.669 £ 0.002 

0.055 ± 0.002 

-0.002 £ .002 

0.001 £ 0.002 

0.004 £ 0.002 

35 

Point Matatula. American Samoa 

5.622 £ 0.003 

0.064 £ 0.003 

-0.011 £ .004 

-0.003 £ 0.003 

-0.010 £ 0.003 

60 

Cape Grim, Tasmania 

5.600 £ 0.003 

0.063 £ 0.002 

-0.007 £ .003 

0.000 £ 0.002 

-0.001 £ 0.002 

29 
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TABLE 3. World Production and Release of CF 2 CI 2 in Million Kilograms/Year (From Chemical 

Manufacturers Association [1982]) 


Year 

Annual 

Production 

Annual 

Release 

Accumulated 

Production 

Accumulated 

Release 

1970 

336.8 

313.4 

3015.5 

2691.1 

1971 

360.5 

337.5 

3376.0 

3028.6 

1972 

401.7 

368.3 

3777.7 

3396.9 

1973 

447.4 

408.1 

4225.0 

3805.1 

1974 

473.5 

443.5 

4698.5 

4248.6 

1975 

418.5 

434.6 

5117.0 

4683.1 

1976 

455.6 

425.9 

5572.6 

5109.1 

1977 

434.9 

410.3 

6007.6 

5519.4 

1978 

433.2 

384.9 

6440.7 

5904.2 

1979 

428.8 

388.4 

6869.6 

6292.6 

1980 

433.4 

392.5 

7303.0 

6685.1 

1981 

449.2 

412.2 

7752.2 

7097.4 


pptv lower than that at Adrigole, Ireland (during November, 
1980 to June, 1981). It seems premature to interpret this 
difference as corresponding to real differences in atmospher- 
ic CF 2 CI 2 concentrations because such a difference has 
existed between almost simultaneous, but relatively inde- 
pendent, measurements of CFCI 3 at one site f Cunnold et al., 
this issue]. While it is unclear which site is providing the 
more realistic estimate of the northern hemisphere mid- 
latitude mixing ratio, it is interesting to note that the trend 
obtained at Adrigole alone is anomalously high relative to 
the other ALE sites and that there is no significant difference 
between the CFCI 3 mixing ratios at Adrigole and Cape 
Meares [Cunnold et al., this issue]. 

Processing the data at northern hemisphere mid-latitudes 
as a single time series allows an estimate of the mixing ratio 
of CF 2 CI 2 and its temporal trend in the lower troposphere to 
be made. On January 1, 1980, the annually averaged ratios 
and trends derived from the empirical model were 302 pptv 
and 17.8 pptv/yearat Adrigole and Cape Meares, respective- 
ly, 290 pptv and 16.0 pptv/year at Ragged Point, 277 pptv and 
17.5 pptv/year at Point Matatula, and 271 pptv and 16.9 
pptv/year at Cape Grim. Using an (unweighted) average of 
the data in the four latitudinal subdivisions of the globe, we 
find that in the lower troposphere the mixing ratio of CF 2 CI 2 
was 285 pptv, and it is calculated to have been increasing at 
17.1 pptv (6.0%) per annum at that time. 

3. Dichlorodifluoromethane Emissions 

For the annual global emission rates of CF 2 CI 2 we use the 
latest estimates by the Chemical Manufacturers Association 
for the period 1931-1981 [Chemical Manufacturers Associa- 
tion, 1982] (see Table 3). As discussed by Cunnold et al. [this 
issue], these latter estimates constitute an update of some 
earlier estimates that had incorporated certain invalid as- 
sumptions [Chemical Manufacturers Association, 1981]. In 
particular, production in eastern Europe and the USSR after 
1975 had been underestimated, emission of CF 2 C1: during 
manufacture amounting to 2.5% of production had been 
ignored, and the use of CF 2 CI 2 in hermetically versus non- 
hermetically sealed refrigeration had been seriously overes- 
timated. We shall use the Chemical Manufacturers Associa- 
tion (CMA) 1982 data in our analysis but computations using 
the CMA 1981 data will also be presented. 

The fractions / of the annual global emission of CF 1 CI 1 
that occur in each semi-hemisphere are computed in the 
manner discussed by Cunnold et al. [this issue] for CFCIj. 


Average / values calculated from available data for the five 
year period 1976-1980 are 0.789, 0.141. 0.038. and 0.032 in 
the 90°N-30°N, 30°N-0°, 0°-30 o S, and 30°S-90°S regions, 
respectively. We assume these average / values are valid for 
the ten year period July 1, 1971, to June 30. 1981. Prior to 
July 1, 1971, we assume that CF 2 CI 2 emissions are confined 
to the 90°N-30°N sector. 

4. Trend Estimate of Lifetime 

The algorithm used to derive the atmospheric lifetime of 
CF 2 CI 2 is described in Cunnold et al. [this issue]. It consists 
of a two-dimensional model of the atmosphere in which the 
atmospheric lifetime of CF 2 CI 2 , together with an absolute 
calibration factor and a global transport factor, are varied so 
as to provide calculated mixing ratios and temporal trends at 
the ALE sites that best simulate the observations. The use of 
an absolute calibration factor as an unknown forces the 
algorithm to base its estimate of lifetime on the temporal 
trends in CF 2 CI 2 . A global transport factor Fis estimated so 
as to provide the best possible simulation of the latitudinal 
distribution of CF 2 CI 2 (and simultaneously CFCI 3 and to a 
lesser extent of CH 3 CCI 3 [see Cunnold et al., this issue; 
Prinn et al., this issue (£»)]). In essence, we are assuming that 
the best simulation of the latitudinal distribution of these 
halocarbons will provide the most accurate prediction of the 
temporal trends at each ALE site. However, as will be 
indicated in section 5, the model does not simulate the 
observed seasonal variations in CF 2 CI 2 very well. Although 
it is. in principle, possible to determine transport coefficients 
that provide a better simulation of the (weak) annual cycles 
at each site (and this is under investigation), for the purpose 
of this paper we have filtered the calculated, unrealistically 
strong annual cycles out of the two-dimensional model 
results by using a twelve-month running mean filter. This 
should result in a more stable estimate of the lifetime at each 
site as a function of time. 

In the calculation of lifetimes, the partial derivatives given 
in Table 4 were used, and since the lifetime is very long, the 
partial derivatives corresponding to a variation in the strato- 
spheric lifetime r, were selected. Since dtfnxVtH Mt) is differ- 
ent at each site, there would be a tendency for the algorithm 
to adjust the lifetime in response to an imprecise simulation 
of the mean latitudinal distribution of CF 2 CI 2 . We believe, 
however, that such an imprecision would most likely be 
related to inadequacies in either the model's description of 
transport or the latitudinal distribution of release. Therefore, 
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TABLE 4. Sensitivity of CFjCL Partial Derivatives [d/nx/dd/r)] and (<//</r)[d/i)x/d(l/r)], to Two-Dimensional Model Parameler 

Variations for January I, 1980 







dln\/dWT), Years 

dldt [a/nx/a(l/r)] 


Parameter 
Varied in 
Calculating 
Derivatives 


Years 

Years 

Years 

Years 

F 

Box 1 Box 3 

Box 5 Box 7 Box 1 

Box 3 

Box 5 

Box 7 

Release Scenario 

169 

50 

2% 

4 

2 

-8.92 -9.20 

-9.74 -9.80 -0.39 

-0.39 

-0.41 

-0.40 

r, 

CMA 1982 latitudinally 
distributed 

192 

29 

I0 4 

4 

2 

-5.46 -5.62 

-6.00 -6.40 -0.37 

-0.37 

-0.38 

-0.38 

T % 

CMA 1982 latitudinally 
distributed 


Here r, r„ and r, represent the atmospheric, the stratospheric, and the tropospheric lifetimes, respectively, of CF-Clj. Boxes 1,3,5, and 7 
designate the lower troposphere (500-1000 mb) in the 90°N-30°N, 30°N-0°, 0°-30°S. and 30°S-90°S regions, respectively. 


the mean d(ln\)ld(\lT) and (dldt)(dln\/d(l/T)) were used at all 
the ALE sites (= -5.8 and -0.37 on January I, 1980). 

The three-year data set was first processed separately for 
each site (except the two northern hemisphere mid-latitude 
sites that were combined) by fixing F = 1.6 and estimating 
the absolute calibration factor and the lifetime from that 
site’s data alone. It should be noted that the results obtained 
are only approximately correct because they were obtained 
by using those two-dimensional model results that provided 
the best simulation of all the ALE data and then by using the 
partial derivatives to provide an estimate of the lifetime, 
which would produce a calculated trend equal to that ob- 
served at an individual site. Fortunately, the relevant deriva- 
tive, (d/dt)(dlnxd( 1 /r)) is insensitive to variations in the 
CF1CI2 lifetime (this is demonstrated for CFCI3 in Table 2 of 
Cunnold et al. [this issue]). 

Site by site estimates of the lifetime are given in Table 5. 
The trend at Ragged Point, Barbados, suggests a compara- 
tively short lifetime, while that at Point Matatula, American 
Samoa, indicates an excessively long lifetime. The scatter of 
the lifetime results may be understood through an examina- 
tion of the residuals given by the measured divided by the 
calculated mixing ratios. Figure 6 , which is based upon the 
model calculation that gave the best fit to the trend in all the 
CF ; CL data, indicates that data from Point Matatula during 
the first year and data from Cape Grim, Tasmania, during the 
first four months of operation (when a different sample loop 
was used) may be inconsistent with the data obtained during 
the remainder of the three-year period. If the data for these 
periods are ignored, reciprocal lifetimes of 0.0021 and 0.0054 
years -1 are obtained at Point Matatula and Cape Grim, 
respectively. It, therefore, seems reasonable to give signifi- 
cantly less weight to these two sites in the global estimation 
of lifetime and, as indicated in Table 5, the optimal estima- 
tion algorithm provides a plausible distribution of weights. 
(A preliminary examination of an additional six months of 
ALE data confirms that the lifetime derived from the 3-year 
data set at Point Matatula and Cape Grim is too long and that 
even the reduced weighting given to these stations in the 


optimal code may be producing too long a global lifetime.) 

The weights used in the optimal estimation algorithm are 
similar to those used in fitting an empirical model to the data 
(see equation (2)). They account for the short (s 1-2 years) 
temporal autocorrelations in the data but result in an unbi- 
ased combined (5 site) lifetime estimate if, for example, a 
particular site is providing a trend produced by real climato- 
logical changes not being simulated by the two-dimensional 
model (because the anomalous long-term trend at this site 
would not be included in its weighting factor). 

Simultaneous processing of the CF 2 C1 2 data at the five 
ALE sites yields the (trend) estimates of lifetime given in 
Table 6 . The optimal estimate of inverse lifetime for the 
three-year period equal to 0.0013 years -1 is preferred over 
the value 0.0005 years -1 (although these estimates are not 
significantly different) because of the uncertainties in the 
Point Matatula and Cape Grim data for the first year of 
operation. The results indicate, however, that there are 
sources of “noise” in addition to those accounted for by the 
values of a 2 (equation (2)). For example. Table 5 indicates 
that there are site to site differences in the lifetime estimates 
that are not accounted for by the uncertainty limits assigned 
to the individual lifetime estimates. For CFCI 3 these differ- 
ences appear to be instrumentaJly induced because they also 
existed between independent measurements at the same site 
[Cunnold et al., this issue]. The estimates for the first and 
third years of operation in Table 6 should also be noted, 
however. They suggest (because of the site to site consisten- 
cy) that the atmospheric release during the first year is being 
underestimated, while that for the third year is being overes- 
timated. In order for our uncertainty limits to reflect these 
additional sources of potential error, we shall assume, for 
mathematical convenience, that the overall uncertainties at 
each site are in direct proportion to the uncertainties given in 
Table 5. All the optimally obtained uncertainty limits should 
then be multiplied by a constant factor that may be estimated 
by applying the student’s t test to the results given in Table 
6 . To account for the site to site differences in the lifetime 
estimate, the uncertainty limits would have to be increased 


TABLE 5. CF 2 CI 2 Reciprocal Lifetime Estimates Derived From the Trend at Each ALE Site 





Approximate Weight 


Reciprocal Life- 

Lifetime 

Given to Station in 

Site 

time (Years), ±lcr 

(Years), ilcr 

Optimal Code 

Adrigole, Ireland/Cape 

0.0041 ± 0.0036 

2447 17 ,?, 

0.4 

Meares, Oregon 
Ragged Point, Barbados 

0.0117 ± 0.0043 

857|? 

0.25 

Point Matatula, American Samoa 

-0.0105 ± 0.0071 

X 

0.1 

Cape Grim, Tasmania 

-0.0034 ± 0.0044 

1000 — * 

0.25 
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Fig. 6. CFjCIj residuals with respect to a two-dimensional model 
calculation with lifetime 769 years on January 1 , 1980 (the trend best 
fit model). Residuals are given as the natural log. of the ratio of the 
observed to the calculated mixing ratio. 


by a factor of approximately 2. However, to account for the 
year to year differences in the lifetime estimate given in 
Table 6, a factor of approximately 4 is indicated. This implies 
a reciprocal lifetime with uncertainty limits of 0.0013 ± 
0.0090. The trend estimate of the CF 2 CI 2 lifetime appropriate 
to January 1, 1980, is then 769 years with lower and upper 
limits of 97 years and *. 

5. The Lifetime Determined by the Atmospheric 
Inventory Technique 

As for CFCI3 [Cunnold el al., this issue], it is argued that 
the two-dimensional model provides a realistic simulation of 
the global distribution of CF 2 C1 2 in the atmosphere to the 
extent that it is known and that the two-dimensional model 
provides a way to extrapolate the surface observations in 
ALE into an atmospheric inventory of CF 2 CI 2 . 

In the lower troposphere (the region below 500 mb in the 
model), the globally averaged mixing ratio is estimated to be 
equal to the average of the ALE measurements from each 


TABLE 6. CFjCL Reciprocal Lifetime Estimates (years"') for 
January 1, 1980, as Function of Time Obtained by Giving Equal 
Weight to and by Optimally Combining the Lifetime Estimates at 
the ALE Sites 


Time Period 
(Month/Year) 

Optimal Combi- 
nation 

Average 

July 1978-June 1979 

-0.0376 2 : 0.0122 

-0.0456 

-+- 

0.0290 

July 1980-June 1981 

0.0770 2 : 0.0111 

0.0584 

± 

0.0141 

July 1978-June 1980 

-0.0170 ± 0.0044 

-0.0147 

± 

0.0109 

July 1979-June 1981 

0.0170 ± 0.0039 

0.0125 

± 

0.0069 

July 1978-June 1981 

0.0013 ± 0.0022 

0.0005 

- 

0.0048 


semi-hemisphere. In support of this estimate and to facilitate 
comparison with non-ALE measurements of CF:CL, it is 
useful to represent the two-dimensional model predictions in 
the empirical model form: 


ln\ = a + b 




+ C| cos 



+ C2 COS 



+ ri sin 




(3) 


Here it is meaningful to seek both annual and semi-annual 
variations in the relatively smooth two-dimensional model 
results. The coefficients of this series for the period July 1978 
to June 1981 are given in Table 7 with 1 = 1 (month) 
corresponding to July 1978. 

A comparison of Table 7 against Table 2 indicates that the 
mean latitudinal distribution of CF 2 CL (coefficient a) is very 
well simulated by the two-dimensional model (with a trans- 
port factor F equal to 1.6), and although the seasonal 
variation at Point Matatula is acceptably simulated, the 
seasonal variation at Ragged Point is not. Because of the 
overprediction of the seasonal cycle at Ragged Point, Barba- 
dos, the seasonal cycle was filtered out of the two-dimen- 
sional model before processing the ALE results to obtain the 
lifetime, and an investigation of how to improve the simula- 
tion of the Ragged Point results has begun. It may also be 
noted that the simulation of the curvature terms (rf) is poor, 
and this is reflected in the time dependence of the lifetime 
estimates given in Table 6. 

Table 8 contains a comparison of the two-dimensional 
model predictions, which provide the best simulation of the 
temporal trends observed in the ALE. to latitudinal distribu- 
tions observed by Rasmussen et al. and by the NOAA 
GMCC network of stations [DeLuisi, 1981], In this compari- 
son, the seasonal variations in the lower troposphere have 
been removed from the two-dimensional model results and 
the seasonal variations observed at the ALE sites have been 
added. It may first be noted that the calculated mixing ratios 


TABLE 7. Empirical Model Fit (Equation (3)) to the Two-Dimensional Model Calculations Thai 
Provide Ihe Best Fit to the Measured Trends 


Box 

Number 

a 

b 

d 

Cl 

Cj 


S2 

In ' a , 
pptv 

j 

5.775 

0.056 

- 0.000 

0.002 

0.000 

0.005 

0.002 

322.1 

3 

5.744 

0.058 

- 0.001 

-0.006 

0.003 

- 0.010 

-0.003 

312.3 

5 

5.688 

0.060 

-0.002 

-0.003 

-0.003 

0.006 

0.000 

295.3 

7 

5.681 

0.061 

-0.002 

0.001 

- 0.001 

0.002 

0.000 

293.2 


Boxes 1,3,5, and 7 refer to the lower troposphere at northern hemisphere mid-latitudes and tropical 
latitudes and at southern hemisphere tropical and mid-latitudes, respectively. 
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TABLE 8. Comparison Between Best (Trend) Fit Two-Dimensional Model Calculations and Non-ALE Observations 



Box 1 


Box 3 



Mean Reported Mea- 

Calculated Mixing 

Mean Reported Mea- 

Calculated Mixing 

Date of Measurement 

surement. pptv 

Ratio 

surement, pptv 

Ratio 

March 1976 
Jan. 1978 

280 

289 

214 

241 

Sept. 1978 

296 

301 

295 

291 

Jan. 1, 1980 

302 

324 

290 

313 


Box 2 


Box 4 



Mean Reported Mea- 

Calculated Mixing 

Mean Reported Mea- 

Calculated Mixing 

Date of Measurement 

surement, pptv 

Ratio 

surement, pptv 

Ratio 

June 1976 

228 

253 

221 

247 

Fall 1976 



226 

253 


Lateral boundaries of the boxes lie at 90°N, 30°N,0°.30°S and 90°S. Vertical boundaries lie at 1000 mb. 500 mb. and 200 mb. The predicted 
concentrations for an atmospheric lifetime of CF.CL of 180 years may be estimated by decreasing the values given by..2%. 


exceed those measured in the ALE and all the other pro- 
grams (indicating that the inventory lifetime is shorter than 
the trend lifetime). Second, it should be noted that Dr. 
Rasmussen’s calibration standards have been widely used in 
the past but only in the ALE program has a factor of 0.95 
been applied to the measurements to obtain absolute concen- 
trations. Of more relevance for this paper, however, is the 
model’s ability to simulate observed latitudinal variations, 
and here the agreement is regarded as acceptable. The 
NOAA-GMCC data [ DeLuisi , 1981], moreover, indicates 
that during the ALE period of observation the mixing ratio at 
Niwot Ridge, Colorado (40°N latitude) was no more than 1% 
different (lower) than that at Point Barrow, Alaska (70° 
latitude). ALE data also suggest that the 30°N to 90°N region 
is relatively uniformly mixed for CF 2 CI 2 since Adrigole, 
Ireland, typically exhibits not more than 2% more CF 2 Ci 2 
than Cape Meares, Oregon. It is, therefore, concluded that 
the two-dimensional model is providing a realistic simulation 
of the latitudinal distribution of CF 2 CI 2 . Moreover, since the 
observed northern hemisphere to southern hemisphere mid- 
latitude difference is only 11%, the two-dimensional model 
estimate of the mean CF 2 C1 2 content in the lower tropo- 
sphere probably possesses a precision of approximately 1% 
(la). 

In the upper troposphere, Table 8 suggests that the two- 
dimensional model overpredicts the observed gradient. 
Tests indicate that the calculated gradient may be reduced 
by adjusting the transport rate and, in particular, by decreas- 
ing the vertical transport rate. The model, however, indi- 
cates that the average mixing ratio in the upper troposphere 
is approximately 99% of that in the lower troposphere. Since 
it is unlikely that the average mixing ratio in the upper 
troposphere exceeds the average mixing ratio in the lower 
troposphere, and the observations suggest 99% may be an 
underestimate of the ratio, the model calculations are as- 
sumed to be realistic for inventory purposes and we shall 
attach an uncertainty of 1% (la) to the resulting inventory 
ratio for the two regions. 

An extensive series of stratospheric observations of 
CF 2 C1 2 have been reported by Goldan et al. [1980] (see also 
World Meteorological Organization [1982]). In their Figure 
16, Goldan et al. [1980] showed that if the altitude profiles 
were referenced to altitude above the tropopause, the pro- 
files were relatively independent of latitude. On the basis of 
these observations, which were made in 1976 through 1979, 


it is estimated that the average mixing ratio in the strato- 
sphere (using pressure weighting) was 0.67 of that in the 
upper troposphere. Uncertainty limits on this ratio, obtained 
by regarding the envelope of the observations as providing 
±2a limits, are ±0.07 (la) with the principal uncertainty 
being the profile shape in the region from a few kilometers 
below, to a few kilometers above, the tropopause. Using an 
upper troposphere box to stratosphere box (350 mb to 100 
mb) transfer time it s ) of four years, a ratio of 0.70 was 
obtained for 1977 in the two-dimensional model in good 
agreement with the ratio derived from observations. 

On January I, 1980, the two-dimensional model indicates 
that the globally averaged mixing ratio is 0.944 times that in 
the lower troposphere. On the basis of the uncertainty limits 
given in the preceding paragraphs, we conclude that the 
globally averaged mixing ratio of CF 2 C1 2 may be obtained 
from the ALE data by multiplying the latitudinally-averaged 
value by the factor (la error limits) 

(0.944 ± 0.02) 

In a three-dimensional chemical model that utilizes CMA 
1982 release rates, and stream functions, velocity potentials, 
and ozone concentrations from a recent run of the three- 
dimensional model of Cunnold et al. [1975], it has been 
calculated that on January 1, 1981, this factor was approxi- 
mately 0.951 [Golombeck, 1982]. While thisr factor lies within 
our assumed error limits, it suggests that our calculations 
may underestimate the atmospheric content of CF 2 CI 2 by 
approximately 1% and that a value of /, = 3 years may 
produce a more realistic simulation of atmospheric transport 
between the troposphere and stratosphere. 

The algorithm used to derive the trend lifetime indicated 
that the deduced CF 2 C1 2 lifetime of 769 years results in an 
overprediction of the mixing ratio in the lower troposphere 
(relative to observations) by 0.077 in ln\. The global CF 2 C! 2 
content on January 1, 1980, was estimated from ALE data 
(applying the factor of 0.944 determined from the two- 
dimensional model) to have been 5780 x JO 6 kg which may 
be compared against the model inventory (for t = 769 years) 
of 6220 x 10 6 kg and the accumulated release prior to that 
time of 6293 x 10 6 kg. The lifetime estimated by the 
atmospheric inventory technique may be obtained by apply- 
ing the average value of the partial derivative, d(Inx)/d( Mr), 
given in Table 4, to the ln\ discrepancy of 0.077. The 
inventory estimate of the lifetime is shorter than that ob- 
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of CF;CI : in the Lower Troposphere (Boxes 1. 3, 5. and 7) and in the Upper Troposphere (Boxes 2, 4. 6. and 8) 


Box 5 

Box 7 

Mean Reported Mea- Calculated, Mixing 

Mean Reported Mea- Calculated. Mixing 


suremeni, pptv 

Ratio 

surement, pptv 

Ratio 

Reporter 

196 

227 

244 

258 

Rasmussen cl al. (1977) 
Rasmussen et al. [1981] 

273 

270 



DeLuisi [1981] 

278 

298 

271 

294 

ALE 

Box 6 


Box 8 



Mean Reported Mea- 

Calculated. Mixing 

Mean Reported Mea- 

Calculated. Mixing 


surement, pptv 

Ratio 

surement. pptv 

Ratio 

Reporter 

217 

231 

212 

OO 

CM 

rs 

Robinson and Harsch 





[1978] 

220 

237 

217 

235 

Rasmussen and Kras- 





nee [1977] 


tained by the trend technique and implies either a shorter 
stratospheric lifetime or a small tropospheric sink (or a 
combination thereof). Assuming destruction in the strato- 
sphere only, using a partial derivative of -5.8 years, a 
lifetime of 69 years on January 1, 1980, is obtained. If, on the 
other hand, a stratospheric sink t s = 27 years is assumed 
(based on the calculations by Golomheck [1982] and Owens 
et a!, [1982]), t - 1 = 0.0056 years -1 , the ln\ discrepancy to be 
interpreted as a tropospheric sink would be 0.052. Applying 
a partial derivative of -9.4 years to this discrepancy, a 
lifetime of [0.0056 + (0.052/9.4)] -l «= 90 years is obtained 
(and a tropospheric lifetime r, =» 150 years). 

6. Discussion 

To specify completely the uncertainty limits on the trend 
and inventory lifetimes, uncertainties in release must be 
assessed and combined with the measurement uncertainties. 
In this section, upper and lower limits on the release 
uncertainties will first be discussed based on calculations 
with a release code similar to that used by McCarthy et al. 
[1977]. To convert these uncertainties to uncertainties in 
lifetime, additional calculations were performed with the 
two-dimensional model. In these calculations, all the trans- 
port parameters were usually fixed, and t, was varied so as 
to obtain a match between the observed and calculated 
mixing ratios in the lower troposphere. It should be noted 
that this procedure resulted in some change in r , the strato- 
spheric to tropospheric mixing ratio ratio, which is poorly 
defined by observation. Generally, it was found that the 
partial derivative dln\ld(llT ) = -5.8 (see line 2 of Table 4) 
provided a good estimate of the change in the inventory 
lifetime. Changes in release may be interpreted in this way 
by noting that a change in the accumulated release (/?), A InR, 
will produce a similar change in ln \ , which must then be 
compensated for by a change in t,. The trend lifetime 
uncertainty may be derived from the change in HR, where / 
is the average annual release for 1979 and 1980. and by using 
d(///?)/d(l/r) = 0.3 years. - 

The production of CF 2 C1 2 in the United States and Europe 
should be known very precisely since it is in the industries' 
interest to keep an accurate record of production. No 
allowance has, however, been made in the industry figures 
for production in the Peoples Republic of China, which 
might amount to 0.5% of world production (Itr); moreover, 
the production in the USSR and eastern Europe after 1975 is 


relatively poorly defined. The CMA release estimate (1981) 
arbitrarily assumed a 3% growth in production in the USSR 
and eastern Europe since 1975, while the revised release 
scenario [ Chemical Manufacturers Association, 1982] as- 
sumed an 18% growth rate. This substantial increase in the 
estimated release of CF 2 C1 2 in eastern Europe is primarily 
based upon the startup of a plant with a capacity of 30 x lO 6 
kg/year in Volgograd (European Chemical News, Nov. 17, 
1980, p. 40). It is evident from the construction of this plant 
and of another that is not yet operational that the demand for 
fluorocarbons in eastern Europe and the USSR has been 
rising rapidly. We shall therefore assume that the 3% growth 
rate represents a lower limit (2a) on the growth. This 
translates into a change in the accumulated production of 
0.4% (lo) and a significant change in the trend of release. 
Some CFiCL is released during production and the CMA 
estimate of this loss (2.5%) is probably accurate to 0.5% 
(lo). In order to translate these uncertainties to uncertainties 
in lifetime, we shall make the assumption that the additional 
production during manufacture and in the Peoples Republic 
of China is added to the prompt release category. The 
uncertainty in production in the USSR and eastern Europe 
will be treated separately. 

In the prompt release category, which for CF 2 C1 2 primari- 
ly consists of aerosol propellant usage, a five to six month 
delay in release relative to production was assumed in the 
CMA estimates. We estimate that an uncertainty ( 1 or) of one 
month is appropriate for this use category. In the second 
most important CF 2 C1 2 release category — the use in non- 
hermetically sealed refrigeration and air conditioning — a 
release delay of four years relative to production was as- 
sumed in the CMA calculations. This delay is believed to be 
accurate to ± 0.5 years (CMA Fluorocarbon Panel, private 
communication, 1983). The CMA 1982 estimates are also 
based on a 3.5% to 96.5% split between usage in hermetically 
sealed and non-hermetically sealed containers versus an 
approximately 40/60 split used in CMA 1981. A one-sided 
error bar of 5% (1 <t) allows for the fact that this split estimate 
is tentative and that the proportion of usage in domestic 
refrigerators and freezers in the United States, on which it is 
based, may have been larger in the rest of the world than in 
the United States in recent years. McCarthy et al. [1977] 
estimates that CF 2 CI 2 in rigid foams has an escape time of six 
months; even if 25% of these foams were of the foamed in 
place variety (as for CFCIO, which results in an escape time 
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TABLE 9, Effect of Release Uncertainities on the CF 2 CI 2 Reciprocal Lifetime Estimated by 
Using I/t) = 5.8 years and d(l/R)/d(l/T) = 0.3 years 


Release Scenario 

Increase 
in Accu- 
mulated 
Release 
(R) to 
the end 
of 1979 
(x 10*kg) 

A(1/t) In- 
ventory 
Technique, 
years -1 

Average 
Change in 
Annual re- 
lease for the 
Period/Ac- 
cumulated 
Release 
1979-1980. 
MUR) 

A(l/r) 

Trend 

Technique, 

years -1 

0.7% additional production/release 
released as in the prompt re- 
lease category. 

+44 

+0.001 

... 


One-month decrease (increase) in 
prompt release category (versus 
5.5 months used in CMA 
1982). 

±16 

±0.000 

±0.0004 

±0.001 

Uncertainty in production in east- 
ern Europe corresponding to a 
2 0 error equal to 3% growth 
since 1975 versus 18%. 

±27 

±0.001 

±0.0016 

±0.005 

0.5 year decrease (increase) in de- 
lay in release relative to produc- 
tion for non-hermetically sealed 
use. 

±60 

±0.002 

±0.0004 

±0.001 

8.5/91.5 hermetic/non-hermetic 
split versus 3.5/96.5 used in 
CMA 1982. 

-38 

-0.001 

-0.0002 

-0.001 

Totals 

±80 

±0.002 

±0.0017 

±0.006 


of order 20 years, there would be negligible impact on the 
atmospheric lifetime estimates. This uncertainty is not, 
therefore, included in Table 9. 

The effect of the release uncertainties discussed above on 
the atmospheric lifetime is summarized in Table 9. For the 
trend estimate of lifetime, the unknown growth of produc- 
tion in the USSR and eastern Europe clearly represent a 
significant uncertainty. If the release uncertainty (0.006 
years -1 ) is combined with the uncertainty due to measure- 
ment errors of 0.009 years -1 , the uncertainty in the recipro- 
cal lifetime is 0.011 years -1 . For the deduced trend lifetime 
of 769 years, this gives a ( I <r) uncertainty range of 81 years to 
*. If the stratospheric lifetime is fixed at 27 years (r -1 = 
0.0056 years -1 ), the lower limit (la) on the lifetime resulting 
from stratospheric photodissociation and tropospheric de- 
struction is 

0.375 \ - 1 

0.0056 + 0.0067 x ) = 84 years 

0.398 ) 

This would correspond to r, = 140 years. 

The uncertainty in the inventory estimate of the inverse 
lifetime is produced by the combination of an uncertainty of 
0.002 years -1 in the reciprocal lifetime from release uncer- 
tainties (see Table 9), an uncertainty of 2% (-* 0.02/5.8 =■ 
0.0034 years -1 ) in absolute calibration [Rasmussen and 
Lovelock, this issue] and the uncertainty in translating ALE 
measurements to an atmospheric overburden. This last 
uncertainty consisted of a 1% uniform uncertainty in the 
mixing ratio throughout the atmosphere (giving 0.002 
years -1 ) together with an uncertainty in the stratospheric 
content produced in our model by uncertainties in The 
effect of this uncertainty has been derived by determining 
the changes in t s and r,, which would produce a prescribed 
change in r (= 0.07) together with no change in the mixing 


ratio in the lower troposphere (where the mixing ratio should 
equal that observed in the ALE). Combining the result of 
this last calculation (0.002 years -1 ) with the other uncertain- 
ties gives 0.005 years -1 . This gives uncertainty limits (± la) 
on the lifetime of CF 2 CI 2 resulting from destruction in the 
stratosphere only of 51 to 105 years. If the contribution to 
the atmospheric lifetime resulting from stratospheric de- 
struction is fixed at t s = 27 years, the atmospheric lifetime 
was calculated to be 90 years and the uncertainty limits may 
be obtained by using the partial derivative d(ln\)/d( I/t) = 
-9.4 years in place of -5.8 years (see Table 4). This gives a 
reciprocal lifetime uncertainty of 0.005 x 5.8/9.4 = 0.003 
years -1 and a (1 cr) uncertainty range on the lifetime of 71 and 
123 years. Using the two-dimensional model, this lifetime 
range corresponds to an uncertainty range for r, of approxi- 
mately 100 to 360 years. 

Assuming destruction of CF 2 CI 2 in the stratosphere only, 
the inverse lifetime derived by the trend technique (0.0013 ± 
0.0110 years -1 ) may be optimally combined with that from 
the inventory technique (0.0145 ± 0.0050 years -1 ) to give a 
maximum likelihood lifetime estimate for January 1 , 1980, of 
82 years. In contrast to the results for CFCI 3 [Cunnold et al., 
this issue], the inventory technique is giving the more 
precise estimate of lifetime for the three year data set. This is 
the result of a greater than expected accuracy of the inven- 
tory technique rather than of unexpectedly poor accuracy in 
the trend technique. Moreover, the fact that the I a uncer- 
tainty limits barely overlap suggests a need for further 
investigation of the uncertainties. For the trend technique, 
the principal uncertainties are produced by the (im)precision 
of the trend estimate from three years of data and by a 
tendency of the data to imply a larger (and smaller) than 
estimated release in the first (and last) years of operation of 
the ALE network. For the inventory technique, the principal 
uncertainty arises from absolute calibration, and here we 
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note that independently calibrated measurements in the 
North Atlantic by Bullister and Weiss [1983] exhibit 1.5% 
higher concentrations than our measurements at Adrigole. 
Such a change in absolute calibration would lead to an 
inventory lifetime of 84 years. 

To facilitate comparison of the ALE lifetime estimates for 
CF 2 CI 2 with those obtained in previous studies, our calcula- 
tions have been repeated by using the CMA 1981 release 
estimates in place of those given by CMA 1982. The revised 
estimate of release [Chemical Manufacturers Association, 
1982] gives 474 x 10® kg more in the accumulated release 
through 1979 primarily because of a reclassification of most 
of the hermetically sealed usage as non-hermetically sealed. 
It should thus be noted, therefore, that previous model 
calculations [e.g., Owens et al., 1982] predict lower tropo- 
spheric concentrations of CF2CI2 that are several percent 
lower than those measured in ALE. The reciprocal lifetime 
estimate obtained by the trend technique for this release 
scenario is -0.0140 years -1 , which corresponds to the 
observed trend exceeding that predicted in the case of 
absolutely no atmospheric destruction of CF 2 C1 2 by 
0.5%/year. The inventory lifetime estimate is 1250 years. 

Our results may now be compared with the analysis of 
a longer period but significantly less comprehensive data 
set by Rowland et al. [1982], which showed inconsistency 
with the CMA 1981 release estimates. Rowland et al. esti- 
mated an atmospheric inventory of 6180 x 10 6 kg on Jan- 
uary 1 , 1980, which may be compared against our estimate of 
5780 x 10 6 kg. The difference between the estimates is 
primarily produced by the absolute calibration factor 
f = 0.95. The accumulated release at that time is estimated 
to be 6293 x 10® kgm [Chemical Manufacturers Association. 
1982] or 5819 x 10® kg [Chemical Manufacturers Associa- 
tion, 1981], Destruction of CF2CI2 by stratospheric photodis- 
sociation provides agreement within ± 1 a uncertainty limits 
for the ALE estimated inventory not only with the CMA 
1982 release estimates (which, in fact, imply some additional 
destruction) but also with the CMA 1981 release estimates. 
The trend technique, on the other hand, applied to tbe ALE 
data set gives results that are reasonably consistent with the 
1982 release estimates but that are inconsistent with the 1981 
releases (as Rowland et al. emphasized in their analysis). 
Furthermore, in contrast to the five years of data analyzed 
by Rowland et al., the latitudinal distribution of CF2CI2 
obtained by the ALE over the three year period is consistent 
with the latitudinal distribution of CFCI 3 and with reasonable 
values of transport rates (F =* 1.6). We conclude that the 
ALE data together with the CMA 1982 release estimates are 
more consistent than the data analyzed by Rowland et al. 
[1982] together with the CMA 1981 releases. However, both 
analyses suggest that there has been a significant reduction 
in the atmospheric release of CF 2 CI 2 between 1979 and 1981 , 
which is not contained in the release estimates. 

These results indicate a need to determine better the trend 
of CF 2 C1 2 in the atmosphere (which should be possible from 
the fourth and fifth years of ALE data) and a need to assess 
further the atmospheric release of CF2CI2. Here, the princi- 
pal needs are to obtain data on the production and uses of 
CF 2 C1 2 in the USSR and eastern Europe (which it is estimat- 
ed now accounts for approximately 25% of world produc- 
tion) since 1975 and to reassess the proportion and lifetime of 
CF 2 C1 2 used in non-hermetically sealed (as opposed to her- 
metically sealed) equipment throughout the world. 


7. Conclusions 

Observations of dichlorodifluoromethane several times 
daily over the period July 1978 to June 1981 at Adrigole, 
Ireland (52°N, !0°W), Ragged Point, Barbados (13°N, 59°W), 
Point Matatula, American Samoa (14°S, I71°W), and Cape 
Grim, Tasmania (41°S, 145°E) have been described, as well 
as observations for the period November 1980 to June 1981 
at Cape Meares, Oregon (45 e N, 124°W). Using the optimal 
estimation procedure described in Cunnold et al. [1982], the 
data at each site was first fitted by an empirical model 
consisting of a linear trend, a curvature, and an annual cycle. 
Averaging the mean concentrations and the trends from each 
latitude region, the average mixing ratio of dichlorodifluoro- 
methane in the lower troposphere on January 1, 1980, was 
estimated to have been 285 pptv and it was calculated to 
have been increasing at 6.0% per year at that time. 

The ALE data was processed to obtain the CF2CI2 lifetime 
by determining the lifetime that when inserted into the two- 
dimensional model of the atmosphere gave the best simula- 
tion of the data in a weighted least mean square sense. 
Independent estimates of the lifetime were obtained by 
simulating the temporal trends in each latitude region (the 
trend lifetime) and by simulating the observed mixing ratios 
(the inventory lifetime). The lifetime estimates depended on 
whether it was assumed that destruction of CF2CI2 occurred 
in the troposphere or stratosphere. Two destruction scenari- 
os were used: all destruction occurring in the stratosphere 
and destruction in the stratosphere at a rate given by r = 180 
years (r, = 27 years) combined with some tropospheric 
destruction. 

The trend lifetime derived from the ALE data is 769 years 
for stratospheric destruction only (the second destruction 
scenario is physically meaningless in this case). The inven- 
tory lifetime is 69 years for stratospheric destruction only 
and 90 years for the combined stratospheric/tropospheric 
destruction scenario (with the lifetime of CF2CI2 in the 
troposphere being estimated to be approximately 150 years). 
The atmospheric inventory for January 1, 1980, was estimat- 
ed to have been 5780 x 10® kg. 

Uncertainties in these estimates of lifetime were assessed. 
For the trend lifetime these consisted of contributions from 
measurement uncertainties and from release uncertainties — 
principally related to the trend of production and release of 
CF2CI2 in the USSR and eastern Europe. These were com- 
bined to indicate that within ± l<r limits the lifetime is longer 
than 81 years for destruction in the stratosphere and longer 
than 84 years if the stratospheric lifetime is fixed at 36 years. 

Uncertainty in the inventory estimate of lifetime resulted 
principally from the absolute calibration of CF2CI2 in the 
reference cylinders (which was derived from the experi- 
ments of Rasmussen and Lovelock [this issue]) and from the 
ability of the two-dimensional model to extrapolate surface 
measurements to an atmospheric inventory. The combined 
effect of the uncertainties was to give a lifetime range of 51- 
105 years, assuming only stratospheric destruction, and of 
71-123 years, assuming a stratospheric lifetime of 27 years. 

Finally, it was noted that the ALE observed trends were 
inconsistent with the original CMA release estimate [Chemi- 
cal Manufacturers Association, 1981] but that the revised 
release estimates [Chemical Manufacturers Association, 
1982] resulted in a trend lifetime that was consistent with a 
photodissociation only sink for CF2CI2 and in inventory 
estimates that suggested either the existence of an additional 
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atmospheric sink of CF 2 CI 2 or that stratospheric photodisso- 
ciation rates are being underestimated in current models. In 
addition, however, the trend data indicated that the atmo- 
spheric release of CF 2 CI 2 in 1978/1979 and 1980/1981 may 
have been underestimated and overestimated, respectively. 
Since the USSR and eastern Europe are now believed to 
account for approximately 25% of the world production of 
CF 2 CI 2 , there is a need to assess further the year release of 
CF 2 Ci 2 there since 1975. 
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The Atmospheric Lifetime Experiment 
5. Results for CH 3 CC1 3 Based on Three Years of Data 

R. G. Prinn, 1,2 R. A. Rasmussen , 1 * 3 P. G. Simmonds, 4 5 F. N. Alyea, 2,3 D. M. Cunnold, 2 5 
B, C. Lane, 6 C. A. Cardelino, 2-3 and A. J. Crawford 3 

We present gas chromatographic determinations of the concentrations of CHjCCIj at Adrigole 
(Ireland), Cape Meares (Oregon), Ragged Point (Barbados), Point Matatula (American Samoa), and 
Cape Grim (Tasmania) for the 3-year period July 1978 through June 1981. The determinations involve 
approximately four measurements each day with on-site calibration. The absolute values and trends 
for these observed concentrations are interpreted in terms of the industrial production, global 
circulation rate, and atmospheric lifetime of CHjCCIj by using an optimal estimation technique that 
incorporates a nine-box model of the atmosphere. The globally and annually averaged trend in the 
lower troposphere at the midpoint of the second year of the experiment is 8.791 per year, and the 
inferred global atmospheric content of CHjCCIj at this midpoint is 2.58 x 10’kg. The global 
atmospheric lifetime deduced by using the observed trends and global content together with current 
estimates of industrial CHjCCIj emissions is 10.225 ; years. This deduced lifetime is sufficiently long to 
imply that the observed variability in the data on seasonal and shorter time scales must be dominated 
by meteorological (and perhaps industrial emission) variabilities rather than by spatial and temporal 
variations in the rate of chemical destruction of CHjCCIj by OH. However, the observed variations on 
annual and longer time scales are sensitive to the spatially and temporally averaged OH concentra- 
tions. In particular, the globally averaged tropospheric OH concentration compatible with the above- 
deduced CHjCCIj lifetime is (5 ± 2) x 10 ' molecule cm -1 ; in reasonable agreement, forexample, with 
the value of (6.52?) x I o' molecule cm"’ deduced by Volz et al. ( 1981) from measurements of CO. Our 
results are sensitive to constraints imposed on uncertainties in the CHjCCIj emissions and absolute 
mixing ratios. If we decrease emissions by s89? in the years 1976-1978 and increase emissions in 
1979-1981 to compensate, and if absolute mixing ratios are decreased by about I89L then the best 
estimate of the lifetime from our data decreases to 6.5 years. 


I. Introduction 

The compound 1,1,1-trichIoroethane (methyl chloroform) 
is a relatively long-lived atmospheric constituent with a 
predominantly or exclusively anthropogenic origin. The re- 
action of CH 3 CCI 3 with the OH radical is its principal 
recognized atmospheric sink [Yung et a!., 1975; Cox et al., 
1976], It has therefore been proposed as a potentially accu- 
rate indicator of tropospheric OH concentrations [Singh, 
1977a,- Lovelock, 1977]. It has also been identified as a 
potentially significant source of reactive chlorine com- 
pounds in the stratosphere [McConnell and Schiff, 1978; 
Crutzen et al., 1978]. It is therefore important to understand 
ihe global mass balance for this species and, in particular, to 
reconcile its observed atmospheric concentrations with its 
anthropogenic sources and globally averaged atmospheric 
lifetime. 

There have been two basic approaches used to estimate 
the globally averaged lifetime t of CH 3 CCI 3 . The first 
involves utilization of independent information to define the 
concentrations of the principal known scavenger of CH 3 CCI 3 
(namely OH) and thus to define r. Utilizing CH 3 CCI 3 indus- 
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trial emission data, the OH (or t) values can then be checked 
by comparing calculated spatial and temporal CHjCCIj 
distributions with observations. The second approach in- 
volves utilizing directly the observed CH 3 CCI 3 distributions 
and emission estimates to infer the lifetime through global 
mass balance calculations. 

Using the first approach with a horizontally averaged 
model, Yung et al. [1975], Cox et al. [1976]. Crutzen and 
Fishman [1977], and McConnell and Schiff [1978] estimated 
rvalues of 3, 1.1, 6-10.7, and 8 years, respectively. With the 
same approach, but utilizing two-dimensional box or grid 
models of varying complexity, Chameides and Tan [1981]. 
Logan et al. [1981], and Dement and Eggleton [1978, 1981] 
computed r values of 4.6-15, 5, 5.4, and 3.6-6 years, 
respectively. The second approach has been used in a 
horizontally averaged model by Singh [1977«]. Rasmussen 
and Khalil [1981], and Makide and Rowland [\98\] to deduce 
rvalues of 7. 2 ± 1.2, 6-10, and 6.9 ± 1.2 years, respectively. 
Finally, using two-dimensional models with the second 
approach, Lovelock [1977], Neely and Plonka [1978]. Singh 
[19776], Chang and Penner [1978], and Singh et al. [ 1979] 
compute lifetimes of 5-10, 3.3 ± 0.7, 8.3, 11.3, and 8-10 
years, respectively. Clearly, these estimates vary considera- 
bly, and this is due not only to the two basic approaches 
taken but also to the differences in the estimates of the 
tropospheric concentrations of OH and its rate of reaction 
with CH 3 CCI 3 ; to the uncertainties in the industrial emis- 
sions, concentrations, and spatial and temporal trends of 
CH 3 CCI 3 ; and, finally, to the varying complexity of the 
atmospheric models involved. 

The approach involving a consideration of the global mass 
balance is clearly the more direct for deducing CHjCCIj 
lifetimes and provides atmospheric OH concentrations as an 
important corollary. Some of the problems associated with 
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this approach, in particular systematic errors in industrial 
emissions and absolute atmospheric concentrations, can be 
alleviated through sufficiently accurate determinations of the 
global trend in CH 3 CCI 3 concentrations. The use of trend 
measurements for determining atmospheric lifetimes has 
been discussed in detail by Cunnold et al. [1978] with 
specific application to the compounds CFG 3 and CF:C1 2 . By 
analogy with these latter compounds we expect that mea- 
surements of CH 3 CCI 3 trends at several globally distributed 
sites should provide an accurate determination of the 
CH 3 CCI 3 lifetime, unaffected by systematic errors of the 
aforementioned type. 

The ‘Atmospheric Lifetime Experiment' (ALE) was initi- 
ated to measure accurately the rates of increase of the 
atmospheric concentrations of the five long-lived atmospher- 
ic constituents: CFC 1 3 , CF 2 CI 2 , CH3CCI3, CCL, and N 2 0 
[Prinn et al., this issue]. One of the goals of the experiment 
was to use the observed trends in concentration to deduce, 
where possible, the atmospheric lifetimes of these constitu- 
ents. In this paper we present absolute concentrations and 
trends in CH3CCI3 concentrations obtained during ALE in 
the period July 1978 through June 1981. These observations 
are then interpreted in terms of the industrial emission, 
global circulation, and atmospheric lifetime of CH3CCI3. 

The ALE utilizes automated dual-column electron capture 
gas chromatographs which sample the background air about 
four times daily at the following five globally distributed 
sites: Adrigole, Ireland (52°N, 10°W); Cape Meares, Oregon 
(45°N, 124°W); Ragged Point, Barbados ( 13°N. 59°W); Point 
Matatula, American Samoa (I4°S. I71°W)'; and Cape Grim 
Tasmania (41°S, I45°E). Details concerning the instrumenta- 
tion and station operation are provided by Prinn et al. (this 
issue]. Methyl chloroform is analyzed by using a silicone 
column with either a constant frequency (Ireland; Barbados: 
November 10, 1978, to May 8 , 1979, at Samoa) or constant 
current (Oregon; Samoa, except November 10, 1978. to May 
8 , 1979; Tasmania) detector. Details concerning the tech- 
nique for absolute and relative calibration of the data are 
given by Rasmussen and Lovelock [this issue]. Reference 
cylinders of air, which are analyzed relative to a primary 
standard, are shipped to the ALE sites, where they are used 
for approximately 3 months and then returned for reanalysis. 
The primary standard for CH 3 CCI 3 is described by Rasmus- 
sen and Lovelock [this issue]. Details concerning data proc- 
essing, including formulae used for data calibration and 
methods used for discerning locally polluted air from clean 
background air, are provided in Prinn et al. [this issue]. 
Periods in which local pollution is unambiguously identified 
are omitted from the data presented in this paper. Such 
pollution periods are largely restricted to the Adrigole ALE 
station, and their inclusion in the data would make this 
station nontypical of the 30 6 N-90°N atmospheric mass 
[Prinn et al., this issue]. However, a complete digital record 
of all measurements taken in the ALE program, including 
those taken during pollution periods, is available to the 
interested reader [Alyea, 1983]. 

The CH 3 CCI 3 data are analyzed in this paper by using a 
nine-box model (eight tropospheric boxes and one strato- 
spheric box) of the global atmosphere and an optimal estima- 
tion technique for calculating lifetimes, as described in detail 
by Cunnold et al. [this issue (o)]. Industrial emission rates 
for CH 3 CCI 3 , which are required for estimation of lifetimes, 
are obtained from various chemical industry sources. Methyl 


chloroform is widely used as an industrial vapor degreasin 
solvent, particularly in the sheet metal industry, w hie 
supplies automobile manufacturers. 

2. Global Methyl Chloroform Data 

Daily averaged CH3CCI3 mixing ratios and their dail; 
standard deviations determined from the measurements a 
the five ALE sites in the period from July 1978 through Jum 
1981 are shown in Figures 1-5. The monthly averaged mixinj 
ratios x(in pptv) and their standard deviations o at each sit* 
in this period are reported in Table I. In the figures the time 
of calibration tank changes (and the calibration tank num 
bers) are indicated along the top of each plot. To obtain oui 
current best estimates of the absolute concentration ol 
CH3CCI3 in the atmosphere, all values reported in Figures I- 
5 and Table 1 assume that the calibration factor £ = 1 .0 ± 
0.15 [/torwMssen and Lovelock, this issue]. 

The variation in the CH3CCI3 mixing ratios x<pptv) over 
seasonal and longer time scales is conveniently described at 
station / by the function 
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where t is time measured in months with month 1 being July 
1978. The coefficients a,, b ( . d,. r„ and 5 , have been deter- 
mined from the monthly mean x and a values given in Table 
1 by using the method described by Cunnold et al. [this issue 
(a)]. Values of the latter coefficients for each of the five ALE 
stations are given in Table 2. An estimate of the globally 
averaged mixing ratio and trend of CH3CCI3 in the lower 
troposphere may be derived by suitably averaging the time 
series obtained in each latitude region. For this purpose, as 
well as for all the other data processing reported in this 
paper, the Adrigole, Ireland, and Cape Meares, Oregon, data 
have been optimally combined into a single time series. 
Thus, at northern hemisphere mid-latitudes we derive a, = 
5.021 , b, = 0.069, d, = -0.013, r, = 0.001, and r, = -0.009. 
Using the various time series, we deduce at the midpoint of 
the second year of the experiment (January 1. 1980) that the 
annually averaged surface mixing ratios and trends are, 
respectively, 152 pptv and 10.3 pptv/yr at Adrigole/Cape 
Meares; 133 pptv and 9.3 pptv/yr at Ragged Point; 106 pptv 
and 12.3 pptv/yr at Point Matatula: and 103 pptv and 11. 1 
pptv/yr at Cape Grim. Averaging these four values yields a 
globally averaged surface mixing ratio and trend of 123 pptv 
and 10.7 pptv (8.7%) per year, respectively. 

The locations of the five ALE stations were deliberately 
chosen to represent, as much as possible, the four major 
equal mass subdivisions of the global atmosphere. To the 
extent that this goal is accomplished, the globally averaged 
trends quoted above are valid. In this respect our principal 
concern must be with any major deviations from a monoton- 
ic gradient in CH3CCI3 concentrations with latitude. Avail- 
able data [Rasmussen and Khalil. I981J suggest that a small 
deviation does exist (mixing ratios at 70°N are 3-6% less 
than those at Cape Meares, while those at 90°S are about 
equal to those at Cape Grim). This suggests that our use of 
only Cape Meares and Adrigole (which show similar mixing 
ratios) may lead us to overestimate slightly the average 
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TABLE I. Monthly Averaged CHjCClj Mixing Ratios x (pplvl and Their Standard Deviations a (pptvj Determined from Measurements at the Five ALE Sites Over the Period July 

1978 through June 1981 


Month 

Adrigole, 52°N. I0“W 

Cape Meares. 45’N. 124*W 

Ragged Point. I3 # N, 59°W 

Point 

Matatula. I4*S. 
|71°W 

a U 

Cape Grim. 4TS. 

145'E 

* 

a 

N 

X 

a 

s 

X 

<r 

N 

X 

X 

a 

.V 

7-78 

140.1 

5.7 

224 




124.5 

7.2 

144 

88.9 

3.6 

61 

86.0 

4 3 

52 

8-78 

137.2 

4.7 

185 




124.4 

7.8 

200 

90.1 

4.2 

125 

83.3 

3 2 

124 

9-78 

132.3 

4.9 

235 




117.8 

10 3 

168 

90.5 

3.6 

126 

85.6 

3.6 

74 

10-78 

134.2 

4.8 

151 




118.2 

10.2 

111 

92 B 

3.6 

108 

88.5 

2.8 

44 

11-78 

134.6 

4.1 

92 




115.9 

8.9 

125 

93.2 

5.2 

97 

93.6 

1.4 

57 

12-78 

— 

— 

— 




124.1 

8.4 

129 

93.7 

64 

57 

92.7 

1.3 

38 

1-79 

139.3 

5.7 

74 




125.2 

9.3 

114 

97.5 

4.1 

18 

91 4 

1.5 

52 

2-79 

1409 

3.9 

25 




124.7 

8.7 

112 

94.8 

4.5 

95 

91 4 

1.4 

92 

T-79 

140.3 

62 

68 




126. 1 

8.6 

95 

95.7 

3.7 

117 

93 9 

2.0 

109 

4-79 

144.2 

6 1 

62 




— 

— 

— 

95.3 

4.2 

120 

95 6 

1.2 

106 

5-79 

146 5 

5.7 

81 




127.4 

4.1 

80 

97.4 

2.5 

122 

95.8 

1.7 

107 

6-79 

147.1 

64 

68 




124.9 

5.8 

40 

98.1 

09 

114 

97.6 

2.3 

KM 

7-79 

143.9 

7,0 

136 




128.5 

8.3 

88 

99.6 

14 

118 

96.6 

18 

89 

8-79 

144.7 

6.2 

104 




132.1 

5.2 

117 

101.5 

2.1 

111 

98 4 

1.5 

112 

9-79 

146 1 

6.4 

94 




123.7 

9.3 

134 

101.6 

2.4 

102 

99.7 

16 

101 

10-79 

1504 

5 1 

53 




123.6 

7.4 

127 

103.8 

2.2 

115 

101.0 

1 i 

94 

11-79 

149.6 

7.2 

72 




128.5 

7.3 

90 

106.4 

2 1 

113 

101.9 

1.4 

110 

12-79 

153.1 

7.0 

69 

156.8 

8.7 

55 

131.5 

5.1 

130 

98.9 

5.8 

102 

101.3 

09 

81 

1-80 

152.3 

80 

58 

159.6 

6.0 

71 

134.8 

62 

133 

105.0 

3.0 

100 

100.7 

II 

94 

2-80 

153.8 

6,8 

106 

— 

— 

— 

135.6 

6.5 

105 

107.8 

3.2 

122 

101.2 

1.4 

72 

3-80 

158 3 

7.1 

89 

154.9 

2.4 

20 

140.6 

4.8 

104 

108.4 

3.3 

10? 

103.0 

1.4 

114 

4-80 

162.6 

7.5 

103 

158.0 

3.0 

78 

137.6 

3.9 

79 

108.9 

3.9 

116 

102.5 

1.6 

44 

5-80 

165. 1 

7.4 

60 

157.9 

2.3 

93 

138.8 

4.7 

137 

110.3 

2.3 

115 

107.4 

2.2 

76 

6-80 

163.2 

8.3 

115 

155.1 

3.0 

114 

142.3 

4.3 

147 

111.5 

1.5 

94 

108.5 

2.2 

83 

7-80 

163.4 

6.3 

111 

151.0 

3.6 

85 

141.1 

5.7 

129 

113.1 

1.0 

117 

109.5 

1.8 

93 

8-80 

158.7 

5.9 

111 

151.9 

3.0 

8! 

139.1 

4.3 

59 

114.5 

1.3 

117 

110.9 

1.4 

92 

9-80 

1560 

5.2 

104 

156 7 

7.8 

103 

137.0 

8.3 

126 

115.1 

2.0 

103 

1124 

1.0 

69 

10-80 

159.3 

5.5 

81 

165.1 

8.3 

III 

137.4 

7.9 

126 

115.6 

1.3 

17 

113.5 

1.3 

78 

11-80 

161.2 

4.8 

75 

162.6 

6.8 

118 

143.3 

5.8 

117 

117.8 

2.3 

63 

113.2 

1.8 

96 

12-80 

161.5 

5.0 

66 

160.2 

5.8 

104 

144.3 

7.8 

118 

120.1 

3.7 

100 

111.8 

0.8 

85 

1-81 

1606 

7.3 

118 

161.8 

5.2 

121 

143.5 

5.5 

138 

120.9 

4.0 

42 

111.7 

0.9 

54 

2-81 

161.7 

5.2 

60 

166.3 

9.8 

107 

146.0 

5.2 

119 

— 

— 

— 

112.1 

0.9 

44 

3-81 

162 7 

6.1 

96 

160.7 

3.6 

120 

140.7 

4.7 

100 

122.2 

2.0 

30 

114.0 

1.3 

86 

4-81 

164.9 

4 1 

46 

161. 1 

2.8 

106 

146.8 

6.6 

104 

120.3 

2.4 

136 

115.1 

0.9 

76 

5-81 

168.8 

5.0 

59 

162.3 

3.6 

104 

148.9 

4.5 

123 

119 9 

2.9 

123 

116.0 

1.3 

86 

6-81 

169.1 

5.9 

79 

163.2 

2.8 

108 

146.9 

4.2 

110 

121.8 

1.9 

113 

116.8 

1.4 

60 


Values tabulated assume an absolute calibration factor ( I. The number -Vof measurements made each month is also tabulated. 


mixing ratio in the 30°N-90°N semihemisphere. In contrast, 
our neglect of polluted air at Adrigole will cause us to 
underestimate slightly the mixing ratios in this semihemi- 
sphere. Present indications are that these two offsetting 
errors are of similar magnitude and are therefore not expect- 
ed to have an important effect on our estimate of the global 
CH3CCI3 trend. These combined errors are also expected to 
lead to an uncertainty of. at most, 1 % in the global CH3CCI3 
content. 

The coefficients c, and s, define the magnitude and phase 
of the annual cycle at each site. Maxima occur in late spring 
at Adrigole, Ragged Point, and Point Matatula and in late 
winter at Cape Meares and Cape Grim. It is apparent from 
Table 2 that these seasonal cycles are not very well defined 
by our 3-year data set, but they are nevertheless much larger 
than, and possess phases different from, those for CFCI3 and 
CF 2 C 1 : [Cunnold el al., this issue (a), (<>)]. Annual cycles are 
expected for CH3CCI3 because of the seasonal oscillations In 
atmospheric circulation, particularly if, as observed, a signif- 
icant meridional concentration gradient exists. Cycles are 
also expected because of the seasonal variation in CH3CCI3 
destruction by OH, but only if the CH3CCI3 destruction time 
is less than or equal to the interhemispheric mixing time. 

In examining the data at Adrigole, Ireland (Figure I), it is 
evident that this site shows higher a values for CH3CCI3 
relative to the two southern hemisphere sites and that 
identifiable pollution periods (producing the small gaps in the 
data) are frequent. The large gap in the presented data from 


November 24, 1978, until January 4, 1979, was caused by 
obvious detector contamination in this period, resulting in 
the data being discarded. 

Greater atmospheric variability (and therefore larger cr's) 
at Adrigole than at the southern hemisphere sites is expected 
because of the relative proximity of Adrigole to the predomi- 
nantly northern mid-latitude sources of CH 3 CCI 3 . However, 
the larger a values may also be due to the fact that Adrigole 
uses a constant frequency detector, while the two southern 
hemisphere stations use constant current detectors [ Prinn et 
al., this issue]. This latter explanation is supported by a 
comparison of the a values at Samoa during the 6 -month 
period when a constant frequency detector was temporarily 
used (November 10, 1978, to May 8 , 1979) with the cr values 
following this period when the constant current detector was 
reinstated. It is also supported by the similarity of (rvalues at 
Adrigole and Ragged Point, where a constant frequency 
detector is also in use. It is not supported however by the 
often similar <r’s at Adrigole and Cape Meares, where a 
constant current detector is used. Apparently both instru- 
mental differences and true atmospheric variability are in- 
volved in explaining the station-to-station differences in 
standard deviations. 

The standard deviations at Cape Meares. Oregon (Figure 
2), are clearly anomalously high in the period from Septem- 
ber 1980 through February 1981. There are no instrumental 
or calibration reasons to suspect the data in this period, 
although it corresponds largely to the period of use of 
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TABLE 2. Coefficients in the Empirical function (Equation (1) in Text) Describing the Long-Term Variation of the Natural Logarithi 
of the CHjCCI., Mixing Ratios (With Calibration Factor f = I) at the Five ALE Sites 


/ 

Station 

Oi 

b< 

d. 

C, 

5, 



1 

Adrigole 

5.026 ± 0.007 

0.077 ± 0.006 

-0.013 * 0.007 

0.017 ± 0.007 

-0.007 £ 0.007 

2.89 x 

10" 

2 

Cape Meares 

5.038 ± 0.005 

0.037 ± 0.010 

— 

-0.015 £ 0.006 

-0.01 1 £ 0.007 

2.62 x 

10" 

3 

Ragged Point 

4.889 £ 0.007 

0.070 ± 0.006 

-0.001 £ 0.008 

0.011 £ 0.007 

-0.012 £ 0.008 

4.94 x 

10" 

4 

Point Matatula 

4.656 ± 0.005 

0.116 £ 0.004 

-0.005 ± 0.005 

-0.006 £ 0.005 

0.005 £ 0.005 

2.31 x 

10" 

5 

Cape Grim 

4.626 ± 0.005 

0.109 ± 0.005 

-0.012 £ 0.006 

0.000 £ 0.006 

0.010 £ 0.006 

2.43 x 

10" 


The coefficients for Cape Meares are computed from 18 months of data (January 1980 to June 1981). The coefficients for all other station 
refer to the 36-month period from July 1978 to June 1981. The quoted error bars for the coefficients include the effects of any nonw hit 
distribution of residuals. There is insufficient data at Cape Meares to adequately define values for d 2 . Values of the variance cr,r of th 
residuals of the monthly mean observations relative to the empirical function for each station are also tabulated. 


calibration tank number 1 14. (The phenomenon may indicate 
presently unrecognized local sources for CH 3 CCI 3 at this 
station.) Other than this latter phenomenon, we have no 
reason to suspect any important effects of local pollution in 
the CH 3 CC1 3 data at this site. The data gap from late January 
to mid-March 1980 is due to problems encountered during 
the start-up of this station. 

As already noted, the CH 3 CCI 3 measurements at Ragged 
Point, Barbados (Figure 3), show similar standard deviations 
to those at Adrigole. A visual inspection also indicates an 
apparent oscillation in the observed mixing ratios with a 1-2 
month period. Identifiable local pollution does occur at this 
site, but it is isolated and infrequent and is evident largely in 
the last year of the CH 3 CC) 3 data. The gap in data from late 
March through April 1979 was due to a temporary inability to 
deliver chromatographic carrier gas tanks to the site. On 
May 1, 1979, a new constant frequency detector was in- 
stalled with an obvious improvement in instrumental preci- 
sion. 

The daily standard deviations of the measurements at 
Point Matatula, Samoa (Figure 4) are about half of those at 
Barbados, and the 1-2 month oscillations in the Barbadian 
data are not discernible in the Samoan data. As noted earlier, 
a temporary constant frequency detector was used in the 
period from November 10, 1978, to May 8, 1979. There is no 
evidence for local CH 3 CCI 3 pollution at this site. The 
absence of data for 3 weeks in January 1979 was caused by a 
bee restricting the outside air intake. Gaps in the data from 
early October through early November 1980 and from late 
January through late February 1981 were due to instrumental 
damage caused by extremely poor voltage regulation in the 
power supply of American Samoa. 

The Tasmanian CH 3 CCI 3 data (Figure 5) generally shows 
the lowest cr's of any of the sites, which, as noted earlier, we 
believe is due to a combination of the remoteness of this site 
from the major CH 3 CC1 3 sources and the use of the constant 
current detector. On November 4, 1978. the silicone column 
sample volume was changed from 5 to 7 ml, resulting in an 
obvious increase in the precision of the measurements. 
Occasional periods of identifiable pollution do occur at Cape 
Grim (about 10 days per year), and these periods have been 
omitted from the data presented, using the criteria given in 
Prinn ei al, {this issue]. The instrument was inoperative in 
the latter half of October 1978. The data gap from December 
II, 1978, through January 16, 1979, is due to identified 
contamination of an input valve. 

3. Global Budget of Methyl Chloroform 

As outlined by Cunnold et al. {1978] there are two 
principal methods for analyzing globally distributed observa- 


tions of a long-lived atmospheric trace species, such a 
CH 3 CC1 3 , in terms of its sources and sinks. In one approacl 
the measured total global atmospheric content c(t) o 
CH 3 CCI 3 at time i is expressed in terms of its known releasi 
rate R(t ) and unknown lifetime r through the equation 

c(/) = | R(t')e u ~' VT dt' (2 

In the other approach the measured globally averaged trend 
in CH 3 CC1 3 mixing ratio \(r) is expressed in terms of the 
known R(t) and the unknown r through the equation 


\ d\ I dc 

X dt c dt 


RU) 


i: 


(3) 


R(r')e"-" 7 dr' 

The relative sensitivity of these two approaches to errors in 
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Fig. 1. Daily averaged CHiCCIj mixing ratios (ppiv) and their 

standard deviations (pptv) determined at Adrigole. Ireland <52 : N. 
10°W), during the period July 1978 through June 1981. Measured 
values presented here and in Figures 2-6 assume an absolute 
calibration factor 4 = I • 
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the concentrations \ or c and the release rates R leads one to 
generally favor the trend technique over the global content 
technique for accurately defining r. In this section we first 
review our knowledge of the global release rates of CH 3 CCI 3 
and their probable accuracy. We then analyze the ALE 
CH 3 CCI 3 data by using both of the above methods. 


3.1 Methyl Chloroform Emissions 

Neely and Plonka [1978] have presented global production 
and atmospheric release estimates for 1,1,1-trichloroethane 
computed by the Dow Chemical Company for the period 
1951-1976. We also have an update of these estimates which 
provides release data for 1977-1979 (W. B. Neely and H. 
Farber, private communication, 1982). Independent of these 
Dow Chemical Company data, we also have obtained 
through one of our authors (B. C. L.) the global CH 3 CCI 3 
sales estimates for the period 1977-1981 computed by Impe- 
rial Chemical Industries, PLC. These latter estimates in- 
clude the fraction of the total sales applicable to each of the 
four equal mass subdivisions of the global atmosphere. The 
available data are summarized in Tables 3 and 4. 

The year-to-year fluctuations in the ratio of the annual 
production to the annual release discernible in the Dow 
Chemical Company estimates are evidently due to year-to- 
year changes in the inventory held by the manufacturers. 
For example, inventories were obviously building up in the 
middle 1970's, evidently as a result of 1,1,1-trichloroethane 
replacing the solvent trichloroethylene as the use of the 
latter compound become increasingly regulated. 

In order to relate the available data on annual production 
PU), sales SU), inventory /(/), and releases RU), we make the 
reasonable assumption that a constant fraction / of the 
CH 3 CCI 3 sales in each year is emitted to the atmosphere and 
that there is no important time lag between the sale and use 
of this compound. Thus for the year t 


R(t) = 


f fSU) 

{/(/>(/) - /(/) + l(t - I)) 


(4) 


The fraction / is less than unity as a result of decomposition 
of CH 3 CCI 3 during storage and use, of its use as an interme- 
diate in production of other chemicals, and most important. 
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Fig. 2. As in Figure I, but for Cape Mearcs, Oregon (45°N, 
124”W). for the period January 1980 through June 1981. 
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Fig. 3. As in Figure 1, but for Ragged Point, Barbados (13'N, 
59°W). 


of incineration or incarceration of concentrated organic 
solutions in which CH 3 CCI 3 was used as the solvent. Using 
(4), the value of / appropriate to the Dow Chemical Compa- 
ny estimates is simply 


I- 1976 


2 

/= 1951 

RU) 

”/= 1976 


2 «/) 

- /(1 976) 

r— 1951 



= 0.94 

where we have assumed /( 1976) = P(1976)/8, which is typical 
of inventories in the industry. This / value is consistent with 
an independent estimate by Imperial Chemical Industries, 
PLC, implying only about 5% of CH 3 CCI 3 sold is incarcerat- 
ed or incinerated. Using (4) and (5), we have converted the 
SU) values for 1977-1981 from Imperial Chemical Industries, 
PLC, to RU) values, which can be compared to the /?(/) 
values estimated by the Dow Chemical Company for 1977- 
1979 (see Table 4). The global RU ) estimates for 1977. 1978, 
and 1979 from Imperial Chemical Industries, PLC. are 1.0% 
higher, 6.1% lower, and 3.4% lower, respectively, than the 
corresponding estimates for these 3 years by the Dow 
Chemical Company. The agreement between these two 
essentially independent estimates is encouraging. 

Based on these considerations, we have adopted the Neely 
and Plonka [1978] release data for 1951-1976. We assume 
that the percentages applicable to each semihemisphere in 
this period vary linearly between 1951 and 1977. Values 
assumed for 1951 are 100% for 90°N-30°N and 0% for the 
other three semihemispheres. Values assumed for 1977 are 
those given in Table 4. 
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Fig. 4. As in Figure I, but for Point Matatula. American Samoa 
(14°S, I71°W). 


For the 1977-1979 period we adopt an average of the two 
global release estimates given in Table 4, since we have no 
reason to prefer one estimate from the other. The percent- 
ages applicable to each semihemisphere are assumed to be 
those estimated from Imperial Chemical Industries, PLC, 
data during this period. 

As far as can be gauged from the data in Tables 3 and 4 
and from industry sources polled by one of our authors 
(B. C. L.), the large inventory fluctuations evident in the 
middle and late 1970's are not expected in the 1979-1981 
period because of the now-relative stability in supply versus 
demand for CH3CCI3. Thus any fractional changes in global 
production from 1979 to 1981 should have produced similar 
fractional changes in sales and releases. Data on production 
of CH3CCI3 in the United States are readily available [t/.5. 
International Trade Commission, 1979, 1980, 1981]. In par- 
ticular, a comparison of the annual data for 1979 and 1980 
indicates production of CH3CCI3 decreased by 3 . 369 ? from 
1979 to 1980, and a comparison of the annual data for 1980 
and the preliminary annual data for 1981 indicates produc- 
tion increased by 0.76% from 1980 to 1981. Because of the 
international character of the sheet metals industry, and thus 
of the use of CH3CCI3 in its primary role as a degreaser, 
changes in production in the United States should be at least 
qualitatively indicative of worldwide trends. Therefore, we 
have assumed a 3.36% decrease from 1979 to 1980 and a 
0.76% increase from 1980 to 1981 in the Dow Chemical 
Company estimates of global releases. With these 1980 and 
1981 estimates and/or extrapolations in hand, we then adopt 
an average of the Imperial Chemical Industries, PLC, and 
Dow Chemical Company global release values for the 1980— 
1981 period, with the percentages of release in each semi- 


hemisphere being those calculated from the Imperial Chem 
cal Industries, PLC, data alone. 

A completely objective estimate of the probable errors i 
these adopted release values is not possible at presen 
However, we note that the number of different companie 
involved in CH3CCI3 production and the number of differer 
release scenarios associated with CH3CCI3 end uses are bot 
significantly less than the corresponding numbers for th 
chlorofluorocarbons CFCI 3 and CF 2 CI 2 , for example. This i 
undoubtedly one of the major reasons behind the stron. 
agreement between the independent release estimates b; 
Dow Chemical Company and Imperial Chemical Industries 
PLC, for 1977-1979. The fractional differences e betweei 
these latter two estimates and their mean in the 5 years 1977- 
1981 have a standard deviation cr, given by 



= 1 . 8 % 

and we make the reasonable assumption that this latter o 
value is a measure of the standard error in the release 
estimates adopted in this paper. That is, the 95% confidence 
limits on our release estimates are ±2 x 1.8% = ±3.7%. 

One important caveat about the above release estimates 
should be emphasized. They neglect any possible production 
of CH 3 CCI 3 in Eastern Europe, U.S.S.R., and the Peoples 
Republic of China. Such unknown production is expected to 
be small in relation to the known production included in 
Tables 3 and 4 because of the unimportance of the automo- 
bile industry in these countries relative to the rest of the 
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Fig. 5. As in Figure 1, but for Cape Grim. Tasmania <4I°S. 145°E). 
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TABLE 3. Estimates of Global Production and Atmospheric Releases for CH 3 CCIj for the Period 

1951-1976 


Year 

Production 

Releases 

Year 

Production 

Releases 

1951 

0.1 

0.1 

1964 

64.3 

56.6 

1952 

0.2 

0.2 

1965 

82.4 

72.9 

1953 

1.0 

1.0 

1966 

116.0 

108.7 

1954 

2.9 

2.7 

1967 

145.4 

130.5 

1955 

8.4 

8.0 

1968 

158.1 

145.0 

1956 

13.8 

12.4 

1969 

167.6 

148.1 

1957 

20.6 

19.6 

1970 

181.2 

154.5 

1958 

21.8 

20.7 

1971 

191.2 

166.7 

1959 

31.8 

30.3 

1972 

266.8 

230.1 

i960 

38.0 

36.1 

1973 

349.7 

339.8 

1961 

39.9 

38.0 

1974 

389.1 

362.4 

1962 

59.3 

56.2 

1975 

373.7 

364.2 

1963 

58.0 

50.7 

1976 

437.1 

415.4 


Units are I O’ g yr~ 1 (after Neely and Plonka [1978]). 


world. However, the possibility that we are systematically 
underpredicting CH 3 CCI 3 releases by a small fraction should 
be kept in mind in interpreting our results. For example, 
recent measurements by Rasmussen et al. [1982] suggest the’ 
release of this chemical in the Peoples Republic of China. 
Also, as we will discuss later, the ALE data are compatible 
with a larger upward trend in the annual releases in recent 
years than that given in Tables 3 and 4. 


TABLE 4. Estimates of Global and Semihemispheric Sales and 
Atmospheric Releases of CH 3 CCI 3 for the Period 1977-1981 



Global 

90°N-30°N 

30°N-0° 

0°-30°S 

30°S-90°S 

Sales* 

483.6 

1977 

96.67% 

1.36% 

0.47% 

1.50% 

ICIt 

454.6 

96.67% 

1.36% 

0.47% 

1.50% 

Releases 

Dowt 

443.9 

— 

— 

— 

— 

Sales* 

497.5 

1978 

96.38% 

1.41% 

0.55% 

1.66% 

IC1 + 

467.7 

96.38% 

1.41% 

0.55% 

1.66% 

Releases 

Dowt 

498.3 

— 

— 

— 

— 

Sales* 

535.5 

1979 

96.36% 

1.40% 

0.56% 

1.68% 

ICIt 

503.4 

96.36% 

1.40% 

0.56% 

1.68% 

Releases 

Dowt 

521.0 

— 

— 

— 

— 

Sales* 

544.2 

1980 
95 .96% 

1.65% 

0.60% 

1.79% 

ICI+ 

511.5 

95.%% 

1.65% 

0.60% 

1.79% 

Releases 

Dowt 

503.5 

— 

— 

— 

— 

Sales* 

544.2 

1981 

95.%% 

1.65% 

0.60% 

1.79% 

ICIt 

511.5 

95.%% 

1.65% 

0.60% 

1.79% 

Releases 

Dow T 

507.3 

— 

— 

— 

— 


Units are 10” g yr~ 1 for the global estimates and percentages of the 
appropriate global estimates for the semihemispheric data. 

’Imperial Chemical Industries. PLC estimates. Data for South 
African sales have been divided equally between the two southern 
semihemispheres, 

t Computed in this paper by using equations (4) and (5). 

tW. B. Neely and H. Farber, Dow Chemical Co., private commu- 
nication. 1982. 

3iEstimated in this paper by extrapolation (see text). 


3.2 Methyl Chloroform Lifetimes 

The optimal estimation technique used in this paper to 
derive the atmospheric lifetime of CH3CCI3 from the x, 0 . 
and R values given in Tables 1-4 is fully described in 
Cunnold et al. [this issue (a)]. The technique includes the use 
of a nine-box model of the global atmosphere. Mean advec- 
tive and eddy diffusive transports between the boxes are 
completely specified, except that the amplitude of all the 
horizontal eddy diffusive transports are expressed in terms 
of an unknown dimensionless amplitude factor F of order 
unity. The lifetime r 3 of CH3CCI3 in the stratospheric box 
(90°S-90°N, 0-200 mbar) is assumed to be 6 years, based on 
stratospheric destruction of CH3CCI3 by OH and ultraviolet 
radiation computed in a three-dimensional global circulation 
model [Golombek, 1982]. 

The principal recognized sink for CH3CCI3 in the tropo- 
sphere is the reaction 

OH + CH3CCI3 -» H 2 0 + CH,CCIj (7) 

By comparison, the loss of CH3CCI3 by transfer to ocean 
water is negligible [Neely and Plonka, 1978]. In our analysis 
of the data we wish to recognize the fact that the distribution 
of the principal tropospheric scavenger of CH3CCI3, namely 
OH, varies significantly with latitude and the fact that the 
chemical lifetimes and global transport times of CH3CCI3 
may conceivably be comparable. Under these circum- 
stances, the use of a globally averaged lifetime would be 
inappropriate [ Logan et al., 1981, Derwent and Eggleton, 
1981]. We have therefore allowed for the existence of 
different lifetimes t, in each of our eight tropospheric boxes. 
The inverse lifetimes r ,~ 1 are defined by 

r- = l k ' l0H] ' (8) 

' [[5.4 x 10 ’ 12 exp (- 1820/r,)]A[OH],* (s’ 1 ) 

where k> is the rate constant for the reaction of OH with 
CH 3 CCI 3 in the /th box [Jeong and Kaufman. 1979; Kurylo et 
al. 1979]; [OH], and [OH],* are the actual and assumed 
average concentrations, respectively, of OH (molecule 
cm~ J ) in the /th box; 7] is the average temperature (°K) of the 
ith box; and A is an unknown dimensionless and box- 
independent amplitude factor of order unity. The prediction 
of the globally averaged tropospheric lifetime t, is therefore 
equivalent to the prediction of the factor A, which relates our 
assumed OH concentrations to the actual ones. That is. the 
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TABLE 5. Methyl Chloroform Atmospheric Lifetime Estimates and Their Standard Deviations 
Derived From the Trend at Each ALE Site 





Approximate 
Weight Giv- 
en to Station 


Reciprocal Life- 

Lifetime. 

in Optimal 

Site 

time. yr~' ±1" 

years. ± 1" 

Code 

Adrigole, Ireland/Cape 

0.143 ± 0.024 

7.0! l-J 

0.2 

Meares, Oregon 
Ragged Point, Barbados 

0.162 ± 0.029 

6.2215 

0.1 

Pt. Matatula, American Samoa 

0.009 ± 0.019 

11 1.02 ?, 

0.4 

Cape Grim. Tasmania 

0.065 ± 0.021 

I5.42jj 

0.3 


relative OH concentrations in the eight boxes are specified, 
but the absolute OH concentrations are predicted. 

For our assumed values for OH in each box we have 
chosen the computed annual average OH concentrations at 
15° and 45° latitudes for land and sea surfaces given in Figure 
21b of Logan et al. [1981]. Annual rather than seasonal 
average values are chosen since the box-to-box mixing times 
are much shorter than the CH3CCI3 destruction times in each 
box and also because most of the CH3CCI3 destruction 
occurs in the tropics, where the seasonal variations in OH 
are relatively small. There are, of course, several other 
model OH distributions we could choose from the literature. 
However, the Logan et al. distributions appear typical and 
are extensively compared to other calculations in their 
paper. Using (8), these assumed OH concentrations yield the 
following values for At,: 18.6 years in the 90°N-30°N, 200- 
500 mbar box; 6.4 years in the 90°N-30°N, 500-1000 mbar 
box; 6.2 years in the 30°N-0 o , 200-500 mbar box; 2. 1 years in 
the 30°N-0°, 500-1000 mbar box; 5.9 years in the 0°-30°S, 
200-500 mbar box; 2.2 years in the 0°-30°S, 500-1000 mbar 
box; 14.9 years in the 30°S-90°S, 200-500 mbar box; and 5.8 
years in the 30°S-90°S, 500-1000 mbar box. 

The analysis of the CH3CCI3 data to determine the value 
of A (or equivalently the tropospheric lifetime) utilizes a box- 
model transport factor F, equal to 1.6, which is principally 
determined by the more precisely defined latitudinal distri- 
butions of CFCI3 and CF 2 CL [Cunnold et al., this issue («, 
£>)]; in fact, this value of F results in an 11 7c underprediction 
of the latitudinal gradient of CH3CCI3 that will be discussed 
later. Using this latter transport factor, the R(t) values given 
in Tables 3 and 4, and applying the estimation technique to 
each time series individually, we obtain the atmospheric 
lifetime estimates given in Table 5. Averaging the reciprocal 
lifetime estimates from the four time series with equal weight 
gives an atmospheric lifetime of methyl chloroform of IO. 5 I 2 S 
years where the uncertainty limits correspond to the stan- 
dard error of the four series mean. This may be translated 
into a tropospheric lifetime (and thus a value for A) by using 
the expression which is valid for our box model 


r T, T, 

where t, t„ and r, are the atmospheric, stratospheric (6 
years), and tropospheric lifetimes, respectively, and r is the 
ratio of the stratospheric mixing ratio to the average mixing 
ratio in the upper troposphere. Using a troposphere to 
stratosphere transfer time (/,) of 4 years (as used for CFCI 3 
and CFjCb by Cunnold et al. [this issue ( a , b)]. we obtain 


r = 0.47 on January 1, 1980. This may be compared with a 
value of about 0.58 obtained in the three-dimensional model 
simulation of the methyl chloroform distribution by Colom- 
beck [1982] (which would correspond to a t s value of 
approximately 3 years). Using : (9) with r = 0.47 gives a 
tropospheric lifetime of methyl chloroform of 1 1 .Slj'.j years 
and a value of A = 0.37 ±0.17 (using r = 0.58 yields r, and A 
values differing by only about 2 from these). 

It is apparent that the ALE measurements yield an A value 
less than unity. An A value equal to unity corresponds to a 
tropospheric lifetime in the box model of approximately 4.3 
years (and using (9) an atmospheric lifetime of 4.5 years). 
Values of A less than unity thus correspond to lifetimes 
greater than 4.3 years, which is significantly longer than the 
global atmospheric transport time. When A < I. the lifetime 
estimates should not, therefore, be strongly dependent on 
the assumed latitudinal distribution of OH. In fact our 
computations show that assuming a uniform distribution of 
OH in the troposphere produces a change in the lifetime 
estimate by only approximately 0. 19£. In other words, while 
CH3CCI3 measurements provide a useful measure of the 
globally averaged tropospheric OH concentration, they are 
not useful for determining the latitudinal distribution of this 
radical. 

We also note that the long lifetimes deduced here imply 
that the behavior of CH3CG3 on seasonal and shorter time 
scales at the ALE sites must be dominated by meteorological 
(and perhaps industrial release) .variations and not by sea- 
sonal or higher frequency variations in OH. For example, by 
multiplying the seasonal average OH concentrations predict- 
ed by Logan et al. [1981] by A = 0.37 we deduce chemical 
lifetimes in the 90°N-30°N, 500-1000 mbar box of -65 years 
in winter and —9 years in summer. For comparison, the 
diffusive exchange times in our model (using F s 1.6) 
between this latter box and the adjacent 30°N-0° box are 
very much shorter: namely, —0.2 years in winter and -0.45 
years in summer. 

The optimal lifetime estimate (as opposed to the four- 
station average estimate given above) is obtained by w eight- 
ing each monthly observation by 

a ~- E (10) 

where <r m is the standard deviation of the measurements 
during month m , n,„ is the number of measurements made in 
month m divided by 12 (to allow for the typical observed 
three-day correlation between individual measurements), 
oo' is the variance of the residuals of the monthlv mean 
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observations relative to the fitted empirical model (equation 
(I)) as given in Table 2, and M is a factor (—1.4 for Adrigole/ 
Cape Meares and Cape Grim and -I for the other two sites) 
that increases the variances to reflect the month-to-month 
autocorrelation of the residuals [see Cunnold et al., this 
issue (a, b)\. The optimal estimate of the atmospheric 
lifetime is 15.413 * years and may be approximately obtained 
by weighting the individual station estimates by the weights 
given in Table 5. This optimal estimate is obviously strongly 
influenced by the two southern hemisphere estimates of 
lifetime that (particularly at Point Matatula) are substantially 
longer than those for the northern hemisphere. 

To provide further insight into these results, we have 
plotted in Figure 6 the month-by-month residuals In ( xdx < ) 
for each station where the mixing ratios x™ and x< are those 
measured by ALE and those calculated in the nine-box 
model (with t = 10.5 years and F = 1.6), respectively. It is 
apparent that the observed mixing ratios at the two southern 
hemisphere stations (and thus the latitudinal gradient) are 
not well predicted in the model. There is a slight downward 
temporal trend in the residuals at Adrigole/Cape Meares and 
Ragged Point, a slight upward trend at Cape Grim, and a 



jn ) i> i jr • m j ji i i > nm M j juihi jr t ani 
CPPC WJH 


Fig. 6. Values for methyl chloroform of the natural logarithm of 
the ratio of the monthly mean measured (x„,) and calculated (x, ) 
mixing ratios. Calculated mixing ratios are 12-month running mean 
values obtained from the nine-box model with F - 1.6 and r = 10.5 
years. 


TABLE 6. Reciprocal Atmospheric Lifetime Estimates (years -1 ) 
and Their Standard Deviations "for Methyl Chloroform as a 
Function of Time Obtained by Averaging and by Optimally 
Combining the Lifetime Estimates at the ALE Sites 


Time Period, 
month/year 

Optimal Combina 
tion ± 1 ", year" 1 

Average ± 1 ". 
year' 1 

7/78-6/79 

0.246 £ 0.059 

0.131 £ 0.067 

7/80-6/81 

0.124 ± 0.051 

0.132 ± 0.030 

7/78-6/80 

0.086 ± 0.02! 

0.094 £ 0,027 

7/79-6/81 

0.044 ± 0.019 

0.083 £ 0.033 

7/78-6/81 

0.070 ± 0.01 1 

0.095 £ 0.035 


pronounced upward trend at Point Matatula. This means that 
the underprediction of the latitudinal gradient is generally 
decreasing with time and that, as already noted, the derived 
r values at Adrigole/Cape Meares and Ragged Point are 
slightly less than 10.5 years, while those at Cape Grim and 
Point Matatula are slightly greater and much greater, respec- 
tively, than 10.5 years. Neglect of the first few months of 
data at each station could be justified on the basis of general 
startup problems. This would tend to decrease the temporal 
trends in the residuals at all stations except Point Matatula 
and thus bring the rvalues derived from these stations into 
closer agreement with the average rvalue (10.5 years). 

The optimal estimate of r (15.4 years) is suspicious be- 
cause this estimate gives greatest weight to Point Matatula, 
which from its anomalously long lifetime (Table 5) and from 
the residuals illustrated in Figure 6 is behaving quite differ- 
ently from the other three stations. Moreover, recently 
obtained CH 3 CC1 3 data for the period July-December 1981 
suggest that the Point Matatula lifetime estimate based on 
the July 1978-June 1981 period is an artifact. The optimal 
lifetime is further suspect when we compare the lifetime 
estimates obtained by optimally combining and by averaging 
the individual station estimates for several time periods, as 
shown in Table 6. Here it is to be noted that in contrast to the 
results for CFCI3 and CF1CI2 [Cunnold et al., this issue {a. 
6)] the standard error of the estimate of the mean does not 
decay as AT 3/2 , where N is the number of years of observa- 
tion, which would be the case for random errors. Apparent- 
ly, the optimal estimate is not adequately accounting for the 
differences between individual station estimates, and also, 
one or more sites is giving a steadily biased estimate of the 
lifetime over the 3-year period. Also, in contrast to the 
results for CFCI3 and CF 2 CL, the optimal estimate appears 
to be converging more slowly than the estimate obtained by 
averaging. For these reasons we reject the optimally com- 
bined estimate of lifetime for CH3CCI3 and recommend the 
four-station average lifetime estimate of 10.51$ years as the 
current best estimate by the trend method. 

This latter estimate of the lifetime is independent of the 
absolute calibration factor £ for the CH3CCI3 mixing ratios. 
The quoted error bars do not, however, include uncertainties 
in CH3CCI3 releases. If the difference between the two 
estimates of release given in Table 4 in the period 1977-1981 
(suggesting 1 <7 errors of only 1.8 7i) were to be regarded as 
an estimate of the total release uncertainty, the effect on the 
lifetime estimate would be small, and the uncertainty in the 
lifetime would be dominated by the measurement uncertain- 
ties already discussed. However, if the release errors are 
much larger than 1.8 7<, particularly if the trend in the 
releases is in error, then our lifetime estimates and their 
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uncertainties can be substantially affected. We will demon- 
strate this point shortly. 

It is apparent that the trend technique applied to the ALE 
data is yielding r estimates similar to the largest estimates by 
previous workers as quoted in the introduction. We should 
address, therefore, the question of whether the CH 3 CCI 3 
lifetimes derived by using the trend technique are consistent 
with the release history R(t) and present global content of 
this species c(t) as expressed by (2). The ALE CH 3 CCI 3 data 
at each station, when combined with runs of our nine-box 
model, enable us to estimate a c(t) value for January 1 , 1980, 
of 2580 x 10 6 kg. Using the emission data in Tables 3 and 4, 
we then estimate r = 9.8 years. 

To assess errors in this latter r estimate we first note that 
our deduced random error of ± 1 .8% in RU) is much less than 
the errors in r(/) so we will specifically consider t uncertain- 
ties caused by c(t) uncertainties only. Our assessment of cU) 
is deduced, in essence, from the globally averaged lower 
tropospheric CH 3 CCI 3 mixing ratio x (obtained from ALE 
measurements) and from the ratio r of the globally averaged 
stratospheric to upper tropospheric mixing ratio (obtained 
from models). Uncertainties in x include a standard error_of 
15% in the absolute calibration factor f [Rasmussen and 
Lovelock, this issue) and an error —1% resulting from 
equating Cape Meares and Adrigole measurements with 
their semihemispheric average. Uncertainly in r is ~23%, 
based on the difference between the r values computed in 
our nine-box model and in the Golombek [1982] three- 
dimensional model. 

The uncertainty in x is converted into an uncertainty in r 
by using d(ln x)/d(l/r) = -4.4 years (derived from the nine- 
box model), giving A(I/t) = 0.032 year"'. The uncertainty in 
r uses 3r/0(l/r) = -25.9 years (also derived from the nine- 
box model) to give A(I/r) = 0.004 year" 1 . Combining these 
two uncertainties in I/t gives an atmospheric lifetime esti- 
mate by the global content technique of t = 9.8I 23 years. 

It is apparent that lifetimes r computed with (2) are 
consistent with those computed by the trend method. For 
example, the trend lifetime of 10.5 years that we derived, 
when combined with the emission history of CHjCCIj, 
yields a value of cU ) only 2.7% greater than the cU) value 
inferred from ALE observations. This discrepancy obvious- 
ly lies well within the error bars on the observationally 
derived cU) value. Using (9) with r = 0.47, the t value 
determined by the global content technique corresponds to 
A = 0.40 ± 0.15 and t, = I0.6l$'.9 years. 

As noted earlier, our nine-box model (with transport 
factor F = 1.6 and lifetime r = 10.5 years) does not predict as 
large a latitudinal gradient for CH 3 CC1 3 as that observed by 
ALE. There are three possibilities we have investigated that 
could remove this discrepancy. The first is that, at present, 
we are significantly underestimating southern hemispheric 
releases of CFCI 3 and CF 3 CI 2 , and therefore the value of F = 
1.6 derived from these compounds (and used here for 
CH 3 CC1 3 ) is causing erroneously high rates of meridional 
mixing in our model. If instead we use F = 1 .0 (with r ~ 10.5 
years) for CH 3 CC1 3 , we find that the difference between 
observed and calculated CH 3 CCI 3 latitudinal gradients is 
largely removed. However, if we wish to use F = 1.0 to 
explain the CFCI 3 and CFjClj data also [Cunnold et al., this 
issue (a. i>)], the required spatial redistributions of the 
releases of these latter two compounds are much larger than 
we can justify. 


A second possibility is that the 3 years of ALE measure 
ments presently available for CH 3 CCI 3 are inadequate fc 
definition of long-term trends and, in particular, are provic 
ing significant overestimates of these trends. Lower trend 
would lead to lower estimates of r. Thus r becomes mor 
comparable to the interhemispheric mixing time, whic! 
therefore leads to larger predicted latitudinal CH 3 CCI 3 gradi 
ents. Indeed, if we take r = 5 years rather than 10.5 years 
there is strong agreement (using F - 1.6) between tht 
gradients in the model and observations (except that tht 
model now overpredicts the Adrigole to Ragged Point gradi 
ent by ~4% and underpredicts the Ragged Point to Capi 
Grim gradient by ~4%). However, this 5-year lifetime 
assumption in the model leads to underestimations of the 
global lower-tropospheric temporal trend and absolute mix 
ing ratio by about 17% and 28%, respectively. Also, the 
trends calculated at each station w'ith r = 5 years differ much 
more from the observed trends than those computed by 
using r = 10.5 years. 

A third possibility is that the rate of increase in the release 
of CH 3 CC1 3 in the last few years is being underestimated. 
This would cause us to underestimate the latitudinal gradient 
since releases are almost exclusively confined to the north- 
ern hemisphere. To investigate this possibility, wx have 
redistributed the official releases R(t) given in Tables 3 and 4 
for the years t — 1976-1981 to produce modified releases 
R'(t) (in units of 10 9 g yr _l ). defined in terms of RU) by the 
formula 

R’U) = RU) + 12.95 (/ - 1978.5) (11) 

Specifically, the R'(r) values are, respectively. 7.8%. 4.3%. 
and 1.3% less than the official values in 1976, 1977, and 1978 
and 1.3%, 3.8%, and 6.4% greater in 1979, 1980. and 1981 
(however, the total releases are the same for the modified 
and official releases). Using these modified releases w ith F = 
1.6. the calculated Adrigole to Cape Grim gradient differs by 
only 2.7% from the observed gradient (as noted earlier the 
official releases lead to an 1 1% underprediction of this 
gradient). The modified releases lead to l/r = 0.154 ± 0.078 
year" 1 (t = 6.51 2 ;s years) when wx average with equal w eight 
the l/r values derived from the trends in the four semihemis- 
pheres. This may be compared to 1/x = 0.095 ± 0.035 year” 1 
(r = 10.52 j, 5 years) for the official releases. 

Of the three possible explanations discussed above we 
consider the third to be the least unlikely. We emphasize, 
however, that even this third explanation possesses objec- 
tionable features. In particular, the l/r estimates for the 
modified releases vary even more widely from station to 
station than the estimates given in Table 5, which use the 
official releases. In other words the modified releases pro- 
vide a poorer simulation of the temporal trends than the 
official releases. Also using the rvalue of 6.5 years derived 
from the modified releases, we obtain a global CH 3 CCL 
content that is 18% less than that inferred from the ALE 
data. The calibration factor £ would need to be 0.82 to 
remove the latter disagreement: this value lies outside our 1 a 
but inside our 2cr limits on £. Finally, the suggested modifica- 
tions to the releases clearly exceed our suggested probable 
error in R(t) of ±3.7% (95% confidence). However, as 
already noted, the estimates of RU) and their probable errors 
involved certain assumptions whose validity is difficult to 
assess. Perhaps a combination of an increasing / value (e.g.. 
resulting from a lowering of user inventories), increasing 
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Communist production (presently ignored), and an underes- 
timate of 1980 and 1981 production outside the United Stales 
could lead to an increased trend in the releases of the type 
expressed by (II). However, this is certainly speculative, 
and the lifetime estimate of 6 . 5 1 S i years derived with the 
modified releases must be rejected at the present time. 

i 4. Conclusions 

Averaging the inverse trend lifetime of 0.095 ± 0.035 
year -1 and the inverse global-content lifetime of 0.102 ± 
v 0.032 year”' calculated for CH3CCI3 from the ALE data and 
the official CH3CCI3 releases, we obtain r = I0.22s| years. 
Using (9), this latter t value provides an estimate of t, - 
1 1.O23? years, which corresponds to A = 0.39 ±0.16. Since 
A ~ I in our nine-box model corresponds to a global 
tropospheric average OH concentration [OH] ~ 1.2 x 10* 
molecule cm -3 , then the CH3CCI3 ALE data implies [OH] 
~ 1.2 x io 6 A = (5 ± 2) x I0 5 molecule cm" 3 . 

In the Logan et al. [1981] two-dimensional model (whose 
OH concentrations are used to define our standard model), A 

— 12q° and [OH] ~ (J.22|)|) x 10 6 molecule cm" 3 . The two- 
dimensional diagnostic model of Chameides and Tan [1981] 
has [OH] — (4.22;.o) x JO 5 molecule cm" 3 , while the two- 
dimensional model of Volz et al. [1981] implies [OH] 

- (6.52?) x I0 3 molecule cm" 3 on the basis of an analysis of 
M CO measurements. The small differences between the 
ALE-derived result and the results from the latter two 
models are not statistically significant, but it is apparent that 
the ALE results imply tropospheric OH concentrations '2.5 
times less than those computed by Logan et al. Since the 
latter model is carefully constrained by using observed 
concentrations of HsO, 63, CO, CH 4 . NO, NO ; . and HNO3 
and also attempts to include all the important known OH 
production and loss processes, the disagreement with the 
ALE results may conceivably be due to presently unrecog- 
nized sources or sinks for tropospheric OH. 

For the reasons discussed in detail in section 3 we have 
rejected the CH3CCI3 lifetime of 15.4 years that was deduced 
from ALE by using the optimal trend method and the 
lifetime of 6.5 years required to simultaneously fit the ALE 
latitudinal gradients of CH3CCI3, CF : CI ; , and CFCI,. If we 
included these rejected estimates with the two we consider 
valid (four-station average trend lifetime = 10.5 years, global 
content lifetime = 9.8 years), we would obtain an average 
lifetime of 9.6 years compared to our preferred value of 10.2 
years. 

Our model results are in qualitative agreement with the 
model results of Derwent and Eggleton [1981]. They found a 
reasonable fit to northern hemispheric CH3CCI3 trend obser- 
> vations by using r = 5 years, but this lifetime was far too 
short to explain the then available southern hemispheric 
observations. For comparison, if we ignored in our model 
* the two southern hemisphere ALE stations, we would 
deduce a two-station average trend lifetime of 6.6 years. The 
southern hemispheric CH3CCI3 trends are significantly 
greater than those in the northern hemisphere and imply 
globally averaged lifetimes significantly greater than those 
derived from northern hemisphere trends alone. 

The ALE program has provided the most extensive mea- 
surements of the global concentrations and trends for 
CH3CCI3 and the most accurate determination of its atmo- 
spheric lifetime yet obtained. Continued measurements of 
this species at the ALE sites should result in a significant 


improvement in our knowledge of its lifetime and thus of 
global average OH concentrations. In particular, it is impor- 
tant to establish whether the significant differences between 
trends in the two hemispheres persist as further years of 
ALE data are obtained. Also, the need for improvement in 
the absolute calibration of CH3CCI3 concentrations in the 
atmosphere in order to improve the accuracy of the - values 
derived by using the global content method is readily appar- 
ent. 

Finally, we note that we have been unable to explain 
simultaneously the ALE observations of the latitudinal gra- 
dients of CH3CCI3, CFCI3, and CF ; CI; by using the same 
global meridional mixing rates. We have suggested that this 
problem may be at least partly alleviated if we have underes- 
timated the rate of increase in CH3CCI3 emissions over the 
last few years. With the greater data base made available 
through the fourth and fifth years of the ALE program we 
intend to estimate emissions, lifetimes, and global mixing 
rates, optimally. However, it is clear that additional research 
on CH3CCI3 emissions is urgently needed, and until such 
research has been accomplished the lifetime of 6.5 years for 
CH3CCI3, estimated with our modified release scenario, 
must be held in abeyance. 
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The Atmospheric Lifetime Experiment 
6. Results for Carbon Tetrachloride Based on 3 Years Data 

P. G. Simmonds, 1 F. N. Alyea, 2 * C. A. Cardelino, 2 A. J. Crawford, 1 D. M. Cunnold, 2 
B. C. Lane, 4 J. E. Lovelock, 5 R. G. Prjnn, 6 and R. A. Rasmussen 1 

The automated electron capture gat chromatographic determination of the atmospheric con- 
centration! of CC1 4 are reported for the period July 1978 to June 1981 at five coastal monitoring stations, 
Adrigole (Ireland), Cape Meares (Oregon), Ragged Point (Barbados, West Indies), Point Matatula 
(American Samoa), and Cape Grim (Tasmania). Daily measurements at approximately 6-hourly intervals 
are always complimented by an equivalent number of on-tile calibration measurements. Estimates of 
CC1* emissions to the atmosphere from known industrial sources are compared with the measured 
trends and the absolute values of the observed concentrations. A globally averaged atmospheric lifetime 
for CG 4 is calculated by using an optimal estimation technique incorporating a nine-box model of the 
atmosphere. The average global concentration of CC1 4 from July 1978 to June 1981 in the lower 
troposphere was 118 pptv, and it was increasing 2.1 pptv/year over this period. Both the absolute 
concentration observed and its trend are consistent with the calculated releases of CC1 4 and its expected 
destruction by stratospheric photolysis. 


1. Introduction 

The measurement of carbon tetrachloride (CC1 4 ) in the At- 
mospheric Lifetime Experiment (ALE) has special interest for 
several reasons. CCl 4 is a major halocarbon in terms of its 
measured tropospheric concentration and represents one of 
the major sources of industrial halogen in the stratosphere. 
With a suspected long atmospheric lifetime, it is implicated 
therefore in those model calculations which predict the long- 
term depletion of stratospheric ozone. Furthermore, it is intri- 
cately linked with the other major atmospheric halocarbons, 
CFC1, and CFjG,, through its main use as a starting materi- 
al for their industrial production. In fact, the majority view- 
point contends that the observed atmospheric burden or CC1 4 
is simply a man-made global pollutant [ Altshuller , 1976; Singh 
et al, 1976; Galbally, 1976; Neely, 1977] with an atmospheric 
lifetime that lies between 40 and 100 years. However, Lovelock 
et al. [1973] have suggested that CC1 4 might also have an 
atmospheric origin. Indeed, there is some evidence for the 
photochemical conversion of chlorinated alkenes to CC1 4 
[Sintf/i et al., 1975]. 

A considerable number of tropospheric measurements of 
CC1 4 have been made over the last decade, and these are 
summarized in a number of reports and publications ( Fraser 
and Pearman , 1978; Galbally, 1976; Grimsrud and Rasmussen, 
1975; Hanst et al., 1975; Lillian et al., 1975; Lovelock et al., 
1973; National Academy of Science (NAS), 1976; National Re- 
search Center (NRQ 1978; Ohta et a/., 1976; Pack et al., 1977; 
Pearson and McConnell, 1975; Penkett et a/, 1979; Pierotti et 
al., 1976a, b, 1980; Rasmussen et al , 1981; Simmonds et al., 
1974; Singh et al., 1977 a, b, 1979; Su and Goldberg, 1976; 
Tyson et al., 1978; Wilkness et al., 1973]. 
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Random measurements from place to place and at different 
times show predictably high variability, and it is difficult to 
discern tropospheric sinks or predict accurate atmospheric 
residence times from such data. Furthermore, differences in 
the methods and frequency of calibration used by individual 
investigators reveal substantial disagreement in terms both of 
absolute concentrations and of the reported growth rates of 
CCI 4 . 

The ALE program was instigated to provide a long time 
series of accurate halocarbon measurements where high preci- 
sion in the analysis and calibration could be maintained pri- 
marily through the use of daily on-site calibration. The basic 
principles, scientific objectives, and analytical methods of the 
ALE program have already been reported [ Prim et al., this 
issue]. Details of the calibration procedures are discussed by 
Rasmussen and Lovelock [this issue]. 

The three years of CC1 4 measurements (July 1978 to June 
1981) obtained by the ALE monitoring network have been 
analyzed with the assistance of a nine-box model (eight tropo- 
spheric boxes and one stratospheric box) and an optimal 
estimation technique for calculating lifetimes as described by 
Cunnold et al. [this issue (a)]. Coupled with a more rigorous 
estimate of the industrial releases, these results allow us to 
reexamine the question of CC1 4 in the global environment. 

2. Global Carbon Tetrachloride Data 

The daily average CC1 4 mixing ratios (pptv) and their stan- 
dard deviations o determined from the measurements at each 

of the five ALE stations are shown in Figures 1-5. The times 
of calibration tank changes and tank numbers are indicated 
along the top of each figure. The monthly average mixing 
ratios % (pptv), the standard deviations (a), and the number of 
measurements (N) are reported in Table I. These are our cur- 
rent best estimates of the absolute concentration of CCI 4 in 
the atmosphere and assume a calibration factor { - 0.81 [Ras- 
mussen and Lovelock, this issue]. 

Greater variability is expected and observed at the Adrigole 
station (Figure 1) compared with the other ALE sites due to 
its relative proximity to northern European sources, and this 
is reflected in the data when the arrival of “polluted air" is 
usually evident by a rapid increase in the concentrations of 
CFG,, CFjClj, and CH,CG„ as well as the appearance of a 
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Fig. 1. The daily average mixing ratios in pptv of CCI 4 at Adrigole, Ireland, covering the period December 1979 through 
June 1981. Times of calibration tank changes and tank numbert are indicated along the top of each figure. 


substantial peak for perchloroethylene (PCE). It is important 
to note that these days of identifiable pollution have been 
removed from the data record in Figure 1 and also from the 
calculation of monthly means, etc. However, the entire ALE 
data set including all '‘pollution events” are to be published as 
a NASA technical memorandum [ Alyea , 1983]. The CC1* 
data at Adrigole was also unusually variable from July 1978 


through November 1979 even after removal of the obvious 
pollution episodes. Analysis has shown that this is due to 
variability in the measurements of the calibration gas rather 
than the ambient air. Although some of this data can be re- 
covered, we have less confidence in its quality, and it has 
therefore not been included in the present study. 

Halocarbon measurements did not commence at the Cape 




Fig. 2. The daily average mixing ratios in pptv of CC1 4 at Cape Meares, Oregon, covering the period January 1980 

through June 1981. 
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Fig. 3. The daily average mixing ratios in pptv of CG* at Ragged Point, Barbados, covering the period July 1978 

through June 1981. 


Meares, Oregon, station (Figure 2) until December 1979 and 
the data gaps from the end of January to mid-March 1980 are 
due to problems encountered during the start-up of this sta- 
tion. 

The Barbados station (Figure 3) 3-year data set is essen- 
tially complete with only two significant gaps. No data was 
collected during April 1979 due to carrier gas supply prob- 
lems, while a major hurricane shut down the station for most 
of August 1980. The greater variability in the data record 
observed at Adrigole and Barbados is also partly attributed to 
the use of the constant frequency electronics in processing the 
signal output from the electron capture detector (ECD), which 
generally produces a noisier signal [Pr/nn et al., this issue]. On 
May 1, 1979, a new ECD was installed at Barbados with an 
obvious improvement in instrumental precision. 

Several data gaps are evident in the Samoan record (Figure 
4) with 3 weeks lost in January 1979 caused by an insect 
restricting the outside air intake. Generally poor regulation in 
the American Samoa power supply and several major power 
lailures caused instrumental damage with the loss of data from 


early October through the beginning of November 1980 and 
again from late January through February 1981. It should be 
noted that a constant frequency detector was used temporarily 
in the period from November 10, 1978, to May 8, 1979. Also 
on November 10, 1978, the sample loop size was changed 
from 5 ml to 7 ml on the silicone column channel. 

The Tasmanian data (Figure 5) is the least variable of all 
the ALE sites and is essentially free of any significant pol- 
lution. Only about 10 days per year are observed in which 
anomously high levels of CFClj and CF 2 C1, are recorded, 
and these days have been omitted from the data presented. 
Data are missing from the last half of October 1978 due to 
instrumental problems, and a larger data gap is evident from 
December 11, 1978, to January 16, 1979, caused by contami- 
nation of the input gas sampling valve. Power failure prob- 
lems in January and February 1981 also resulted in the loss of 
small segments of data. Precision was clearly improved after 
November 4, 1978, when the sample valve loop size was in- 
creased from 5 ml to 7 ml. 

The CC1 4 monthly averaged mixing ratios % and their 
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Fig. 4. The daily average mixing ratios in pptv of CC1 4 at Point Matatula, American Samoa, covering the period July 

1978 through June 1981. 


monthly standard deviations a listed in Table 1 have been 
processed with the optimal estimation code described in Cun- 
nold et ai. [this issue (a)] to determine the coefficients of the 
empirical model. 

In *,-«, + b, cos + s, sin (I) 

which provided the best fit to the observations at each site. 
Here, Xi is The CC1 4 mixing ratio expressed in pptv, and ( is 
measured in months with the first month being July 1978. In 
this estimation procedure, each month of observations is 
weighted by 



where e m is the standard deviation of the measurements 
during month m and n, is the number of measurements during 
the month divided by 12 (to allow for the typically observed 
correlation between individual measurements over periods ~ 3 


days). e 0 ' J is the variance of the residuals at an individual site 
with respect to the empirical model (<r 0 J ) increased by a factor, 
M, which allows for the effect of the observed month-to- 
month autocorrelation of the residuals on the precision of 
estimating a trend from the data [sec Curmotd et of., this issue 
(o)]. In the CC1 4 observations, M is & 1.4 at all sites except 
Cape Grim (where M ^ 2.5) and <r 0 ' 2 is approximately 2 
(Barbados; Samoa; and Cape M cares, Oregon) to 5 (Adrigole, 
Ireland, and Tasmania) times Table 2 gives the calcu- 

lated coefficients; it should be noted in the interpretation of 
the results that the trend b, is determined from just 19 months 
of data at Cape Meares, Oregon, and Adrigole, Ireland. 

Table 2 indicates that the mean concentration at each site, 
and hence the latitudinal distribution of CC1 4 , and its tempor- 
al trend is precisely determined by the ALE data. Moreover, 
the annual cycle of CC1 4 is generally weak and ill defined 
except at mid-latitudes of the northern hemisphere. In that 
case, however, the annual cycle has been determined from just 
19 months of data and may therefore be atypical and in fact 
differs in amplitude and phase from that obtained from CFC1, 
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Fig. 5. The daily average mixing ratios in pptv or CQ, at Cape Grim, Tasmania, covering the period July 1978 through 

June 1981. 


and CF 2 CI, [ Cunnold et ai, this issue (a), (A)]. It liiay be noted 
that Adrigole, Ireland, possesses a CG« mixing ratio approxi- 
mately 2% larger than that at Cape Meares, Oregon. Al- 
though this difference is most likely related to the proximity of 
Adrigole to where CC1* is injected into the atmosphere, it is 
curious that only CF a Q 2 of the other ALE species gives any 
indication (based upon just 8 months of data) of such a differ- 
ence between these two mid-latitude northern hemisphere 
sites. 

Further processing of the ALE data requires a combination 
of the Adrigole and Cape Meares records in order to provide 
a time series typical of mid-latitudes of the northern hemi- 
sphere. Since there exists a significant difference between the 
mean concentrations of CG 4 at the two sites, it is inappro- 
priate to combine optimally the two time scries. Instead, to 
provide an unbiased estimate of the CG 4 concentration in this 
semi-hemisphere, each month’s data at the two sites has been 
averaged (both sites have provided monthly data continuously 
since December 1979); each month’s average has been as- 
signed an uncertainty oJy/tT m - (e 4 V«» + <r t , /« t ) ,/, /2 where 


o„ o c , and n, are the standard deviations and the estimated 
number of independent measurements at Adrigole and Cape 
Meares in month m. The combined times series has been pro- 
cessed to yield empirical model coeflicients and gives a, « 
4.815 and b, - 0.020. 

The annually averaged mixing ratios and trends for January 
1, 1980, obtained using the empirical model are 123 pptv, 2.5 
pptv/year at Adrigole/Cape Meares; 1 19 pptv, 2.5 pptv/year at 
Ragged Point; 115 pptv. 2.1 pptv/year at Point Matatula; and 
115 pptv, 1.4 pptv/year at Cape Grim. Averaging these results, 
the average mixing ratio in the lower troposphere in the 
period July 1978 to June 1981 was 118 pptv, and it was in- 
creasing 11 pptv/year (1.8%/year). 

3. Global Budget of C ax bon Tetrachloride 

Two principal methods are used in analyzing the globally 
distributed measurements obtained from the ALE monitoring 
network in terms of the sources and sinks of carbon tetra- 
chloride. In the first approach, the measured total atmospheric 
content C(t) of CG 4 at time t is expressed in terms of its 
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TABLE 1. Monthly Averaged CCI* Mixing Ratios x (pptv), Their Standard Deviations e (pptv), and the Number of Measurements During 
Each Month (N) Determined From Measurements at the Five ALE Stations Over the Period July 1978 Through June 1981 


Month 

Adrigole, 

Ireland 

Cape Meares, 
Oregon 

Ragged Point, 
Barbados 

Point Matatula, 
American Samoa 

Cape Grim 
Tasmania 

X 

a 

N 

X 

9 

N 

X 

9 

N 

z 

9 

N 

X 

9 

N 

July 1978 

_ 

_ 

_ 




114.6 

17 

144 

110.7 

1.8 

61 

113.8 

23 

54 

Aug. 1978 

~ 

- 

- 




116.0 

23 

200 

111.1 

20 

125 

113.1 

1.8 

124 

Sept. 1978 

- 

- 

- 




115.3 

3.0 

165 

111.4 

1.6 

126 

113.7 

1.6 

72 

Oct. 1978 

- 

- 

- 




114.3 

3.5 

111 

1113 

1.7 

106 

113.9 

1.4 

44 

Nov. 1978 

- 

- 

- 




113.2 

3.6 

134 

113.0 

23 

97 

114.3 

1.1 

70 

Dec. 1978 

- 

- 

- 




116.6 

3.5 

131 

114.0 

1.5 

60 

113.8 

0.8 

47 

Jan. 1979 

- 

- 

- 




118.3 

18 

121 

114.9 

1.1 

18 

113.1 

1.1 

58 

Feb. 1979 

- 

- 

- 




118.1 

28 

118 

113.8 

1.5 

95 

112.6 

1.0 

92 

March 1979 

- 

- 

- 




115.9 

28 

94 

113.6 

1.2 

117 

1129 

1.3 

111 

April 1979 

- 

- 

- 




- 

- 

- 

114.3 

1.5 

110 

113.2 

0.8 

115 

May 1979 

- 

- 

- 




117.9 

1.5 

80 

i 14.2 

1.0 

121 

113.2 

1.1 

110 

June 1979 

- 

- 

- 




118.3 

1.5 

40 

114.2 

08 

115 

113.0 

1.0 

112 

July 1979 

- 

- 

- 




118.1 

1.7 

104 

114.9 

0.9 

118 

113.0 

1.0 

94 

Aug. 1979 

- 

- 

- 




117.9 

1.5 

123 

114.9 

0.9 

111 

112.8 

0.9 

118 

Sept. 1979 

- 

- 

- 




117.2 

1.6 

136 

114.8 

1.3 

99 

1128 

0.8 

106 

Oct. 1979 

- 

- 

- 




117.6 

1.4 

134 

115.6 

1.1 

115 

114.1 

1.0 

94 

Nov. 1979 

- 

- 

- 




118.5 

1.5 

96 

1126 

12 

115 

114.4 

1.1 

110 

Dec. 1979 

126.1 

1.7 

53 

123.4 

1.7 

55 

119.2 

1.3 

129 

115.0 

1.5 

102 

114.5 

0.9 

85 

Jan. 1980 

128.2 

2.3 

61 

124.1 

1.5 

74 

119.9 

1.5 

132 

116.5 

1.5 

99 

114.5 

1.0 

94 

Feb. 1980 

126.4 

2.5 

108 

123.0 

2.2 

31 

119.6 

1.4 

105 

115.9 

1.5 

122 

114.8 

0.9 

72 

March 1980 

124.8 

1.7 

89 

123.5 

1.8 

10 

120.8 

1.4 

128 

115.5 

1.4 

105 

115.3 

0.9 

117 

April 1980 

126.3 

3.2 

104 

122.1 

0.9 

87 

120.4 

1.5 

124 

115.7 

1.5 

115 

116.2 

1.2 

79 

May 1980 

126.0 

2.1 

61 

122.1 

0.8 

98 

120.3 

1.3 

137 

116.0 

1.0 

116 

116.8 

0.9 

88 

June 1980 

125.8 

1.8 

114 

122.0 

0.8 

114 

120.9 

1.1 

147 

116.0 

0.8 

94 

116.6 

0.8 

85 

July 1980 

125.9 

1.6 

110 

121.7 

1.1 

91 

120.9 

1.4 

129 

116.2 

0.7 

117 

115.3 

1.1 

105 

Aug. 1980 

125.7 

1.5 

119 

121.3 

0.9 

82 

121.2 

1.9 

47 

116.4 

08 

117 

115.2 

0.7 

102 

Sept. 1980 

125.2 

1.9 

109 

122.6 

1.1 

112 

120.2 

1.4 

125 

116.3 

1.2 

100 

116.1 

1.1 

74 

Oct. 1980 

125.2 

2.0 

79 

123.7 

1.1 

126 

120.6 

1.7 

126 

116.1 

0.7 

17 

114.9 

13 

81 

Nov. 1980 

127.2 

1.6 

79 

124.2 

1.2 

123 

1213 

1.9 

118 

116.8 

0.9 

63 

116.5 

1.5 

101 

Dec. 1980 

127.3 

2.5 

66 

123.9 

1.3 

119 

121.7 

1.9 

117 

117.3 

1.1 

98 

116.4 

0.5 

96 

Jan. 1981 

128.3 

1.9 

120 

125.0 

1.9 

132 

121.7 

1.4 

138 

117.6 

1.3 

42 

116.6 

0.6 

54 

Feb. 1981 

129.4 

2.3 

66 

123.8 

1.2 

111 

121.8 

1.3 

119 

118.3 

1.1 

4 

115.1 

0.6 

46 

March 1981 

132.1 

2.4 

101 

124.1 

0.7 

128 

121.7 

1.5 

99 

117.8 

1.9 

54 

115.7 

0.6 

88 

April 1981 

131.5 

2.0 

53 

124.4 

0.8 

113 

122.6 

1.6 

110 

118.0 

1.0 

136 

115.8 

0.6 

80 

May 1981 

1323 

2.3 

62 

125.0 

0.9 

123 

122.7 

1.5 

123 

117.4 

12 

123 

116.3 

0.6 

99 

June 1981 

127.8 

2.0 

78 

125.0 

0.9 

115 

122.9 

1.4 

110 

117.7 

09 

111 

116.9 

0.7 

62 


relate the global trend in CCl 4 to the trends, 1 h&dxjdt), mea- 
sured at each ALE site. The two techniques provide relatively 
independent estimates of the lifetime because uncertainties in 
absolute calibration are an important part of the overall un- 
certainty in the first approach but are relatively unimportant 
in the second approach. 

f 

3.1. Emissions of Carbon Tetrachloride 
There have been many important changes in the industrial 
usage of CG 4 since significant production commenced in the 
early 1900’s. As was noted by Galbally [1976] and Singh et al 
[1976], prior to 1950 world production of CC1* was domi- 
nated by the United States. Principal uses were as an indus- 

TABLE 2. Empirical Model Fit (Equation (1)) Together With la Uncertainty for the Three Years of CCI 4 Data Given in Table 1 

Variance of 
Residuals 


Site 


b, 

c, 


(<7* x 1 

Adrigole, Ireland 

4.825 ± 0.003 

0.027 ± 0.006 

-0.002 ± 0.004 

-0.013 ± 0.004 

78 

Cape Meares, Oregon 

4.802 ± 0.002 

0.016 ± 0.004 

-0.006 ± 0.002 

- 0.004 ±0.003 

25 

Ragged Point, Barbados 

4.779 ±0.001 

0.021 ± 0.002 

0.002 ±0.002 

-0.004 ±0.002 

43 

Point Matatula, American Samoa 

4.745 ±0.001 

0.018 ± 0.002 

-0.001 ± 0.002 

-0.003 ±0.002 

38 

Cape Grim, Tasmania 

4.740 ± 0.002 

0012 ± 0.003 

0.001 ± 0.002 

0.000 ±0.002 

47 


It should be noted that the date at Adrigole and Cape Meares coven the period Dec. 1979 to June 1981. 


known release rate /(f) and unknown lifetime t through the 
equation 

C(t) - £/(ry , "' ) '’ dt' (3) 

The second approach is based upon the temporal derivative of 
this equation in the form 

1 dC f(t) 1 

^ dt £/(ry— >'■ df T 

For each approach a two-dimensional model is used to relate 
measured mixing ratios (y) to the atmospheric content and to 
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TABLE 3. Annual United States and World Production of the Two Chlorofluorocarbon*, CFO, 
(CFC-ll)and CFjCl, (CFC-12) From 1958 to 1980 



Annual U.S. Production* 

Annual World Production* 

United States, 


CFC-11 + CFC-12, 

CFC-11 + CFC-11 

World, 

Year 

KT 

KT 

% 

1958 

82.5 

102.9 

80.2 

1959 

98.7 

123.3 

80.0 

I960 

108.3 

149.1 

72.6 

1961 

119.9 

169.0 

70.9 

1962 

150.9 

206.2 

73.2 

1963 

162.2 

239.7 

67.7 

1964 

170.7 

281.2 

60.7 

1965 

200.4 

312.9 

64.0 

1966 

207.1 

357.2 

58.0 

1967 

223.1 

402.6 

55.4 

1968' 

249.0 

463.6 

53.7 

1969 

274.9 

531.2 

51.7 

1970 

281.1 

578.0 

48.6 

1971 

293.6 

627.1 

46.8 

1972 

335.1 

712.2 

47.0 

1973' 

355.4 

801.8 

44.3 

1974 

375.7 

851-2 

44.1 

1975 

300.5 

742.1 

40.5 

1976 

283.1 

799.7 

35.4 

1977 

256.6 

756.6 

33.9 

1978 

236.2 

735.3 

311 

1979 

209.7 

7013 

29.9 

1980 

200.7 

695.6 

28.8 


KT - 1000 metric tons. 

•Data taken from International Trade Commission (Synthetic Organic Chemicals). 
*Data taken from Alexander Grant Report-DuPont Calculations [1981]. 

'Data are extrapolated in these years and are therefore less certain. 


trial solvent, dry cleaning agent, fire extinguisher, grain fumi- 
gant, and rodenticide. However, recognition and concern 
about the toxicological effects of CC1 4 has led to substitution 
of its uses as a dry cleaning agent and fire extinguisher by 
other less toxic chemicals. Any growth in the continuing appli- 
cations of CC1 4 is expected, therefore, to be minor owing to 
the shift away from its dispersive uses to other solvents. 

In 1931, CC1 4 began to be used as an intermediate in the 
production of chlorofluorocarbons, a use that has grown 
steadily until very recently with the advent of the chlor- 
ofluorocarbon/ozone controversy. It is also significant that 
from 1958 to 1980, when accurate production figures are 
available [Alexander Grant Report-DuPont Calculations, 
1981], that the percentage of U.S. chlorofluorocarbon pro- 
duction relative to world production has declined from 80 to 
about 30% (see Table 3). Since CC1 4 production parallels the 
production of chlorofluorocarbons, it is apparent that there 
has been a similar shift in the global pattern of CC1 4 usage. 

Assuming for the moment that there are no natural sources 
of CC1 4 , then releases to the atmosphere can be estimated 
from a detailed knowledge of the various industrial uses of 
CC1 4 , but most importantly from an inventory of its consump- 
tion as a chemical feedstock. One approach to obtaining such 
an estimate is to sum the percentages lost for each of the uses 
of CC1 4 using data compiled mainly from U.S. sources and 
then estimating the percentage U.S. production/world pro- 
duction to obtain a figure for global release [NAS, 1976; 
NRC, 1978]. An alternative approach, and the one used here, 
is to determine the apparent U.S. domestic consumption of 
CG 4 from available government figures for production plus 
imports less exports. The majority of this CC1 4 will be con- 
verted into the chlorofluorocarbons, CF 2 C1 j, and CFGj, and 
this amount can be calculated from the stochiometry and by 


assuming that the efficiency of this chemical process is 97%. 
In fact, recent figures released by the Chemical Manufacturers 
Association calculate that the average loss of CC1 4 during its 
conversion into the two chlorofluorocarbons is 2.9% (<r « 
± 0.6%) over the period 1965-1979 [ Chemical Manufacturers 
Association, 1983]. Therefore, CC1 4 not used in the production 
of chlorofluorocarbons must be accounted for by all other 
industrial uses and is a reasonable estimate of the fraction 
eventually released to the atmosphere [ Edwards et al., 1982]. 
CC1 4 release estimates for the United States are summarized 
in Table 4 by using this approach, in which it has been further 
assumed that 95% of all nonchemically reacted CC1 4 is re- 
leased. This loss is also expressed as a percentage of U.S. 
consumption in Table 4, and it should be noted that the 
annual variability includes any changes in inventories as well 
as actual consumption. 

To derive a world estimate of CC1 4 release is more difficult 
since only limited records of CC1 4 production are available 
from other countries. However, concern over the potential 
depletion of ozone by chlorofluorocarbons has resulted in the 
accumulation of detailed and accurate records for their pro- 
duction and release on a global basis [Alexander Grant 
Report-DuPont Calculations, 1981]. As there is likely to be 
close parity between CCI 4 and chlorofluorocarbon pro- 
duction, we can use the percentage U.S./world chlor- 
ofluorocarbon figures io estimate world CG 4 production 
based on available U.S CG 4 production data. Furthermore, 
we assume that production losses, etc., in other countries will 
be proportionally similar to those of the United States be- 
cause of comparable technologies. 

Global release estimates for CC1 4 are summarized in Tables 
5-7. Table 5 covers the years 1908-1930 and is based on data 
taken from the National Research Council report [NRC, 


c-3 



8434 


Simmons et al.: ALE CC1 4 Results 


TABLE 4. United State* Release* of Carbon Tetrachloride 


Year 

Apparent 
Domestic- 
Consumption 
of CC1 4 * 
KT 

Consumed in 
CFC-1 1 
Production,* 
KT 

Consumed in 
CFC-12 
Production,* 
KT 

Apparent 

Release 

CC1 4 , 

KT 

Percent US. 
Consumption, % 

year 

1958 

141.9 

26.43 

78.14 

37.30 

26.30 

1959 

166.8 

31.63 

93.46 

41.70 

25.00 

1960 

168.8 

37.90 

98.95 

31.90 

18.90 

1961 

174.1 

47.61 

103.19 

23.30 

13.40 

1962 

219.4 

65.31 

123.69 

30.40 

13.90 

1963 

235.5 

73.36 

129.33 

3180 

13.90 

1964 

243.1 

77.74 

135.54 

29.80 

12.30 

1965 

269.3 

89.24 

161.43 

18.60 

6.90 

1966 

293.9 

89.18 

170.31 

34.40 

11.70 

1967 

323.7 

95.40 

184.19 

44.10 

13.60 

1968 

346.3 

110 . 10 * 

201.40* 

34.70* 

10.30* 

1969 

400.4 

124.87 

218.68 

56.80 

14.20 

1970 

4586 

127.99 

223.29 

107.40 

23.40 

1971 

457.7 

135.02 

231.72 

90.90 

19.90 

1972 

457.4 

156.84 

261.25 

39.30 

8.60 ' 

1973 

475.0 

167.70' 

275.60* 

31.70 

6.70* " - 

1974 

534.7 

178.50 

289.90 

66.30 

12.40 

1975' 

406.2 

141.15 

233.81 

31.20 

7.70 

1976' 

381.1 

128.89 

224.87 

27.30 

7.20 

1977' 

355.5 

110.62 

210.86 

34.00 

9.60 

1978' 

321.8 

101.33 

194.67 

25.80 

8.00 

1979' 

283.0 

90.50 

172.16 

20.30 

7.20 

198^ 

285.7 

81.19 

171.05 

33.50 

11.70 

Average 





13.2* 


KT - 1000 metric tons 

'Source: International Trade Commission (Synthetic Organic Chemicals). 

‘Assumes 97% efficiency of conversion of CCl 4 into CFC-1 1 and CFC-11 

'1975-1980 Uses ITC production + imports - exports (import and export figures from U.S. Depart- 
ment of Commerce). 

‘Extrapolated data. 

'Average 1958-1971, 16%; average 1972-1980,8.8%. 


1978], with only minor modifications. Table 6 commences in 
1931 and takes into account the conversion of CC1 4 into 
chlorofluorocarbons in estimating global CC1 4 emissions by 
subtracting the fraction of CC1 4 used as a chemical feedstock 
and by assuming 95% release of the residual C0 4 . The esti- 
mates for production losses and percentage U.S./world CC1 4 
production are again taken from the National Research Coun- 
cil report [NRC, 1978]. For Table 7, world CC1 4 production 
is derived from the comparable percentage chlorofluorocarbon 
figures in Table 3 and reflects the progressive decline in U.S. 
production relative to the rest of the world, especially during 
the last decade. 

World CC1 4 emissions are estimated from the data in Table 
4, which expresses CC1 4 release as a percentage of U.S. con- 
sumption. Because production figures for CC1 4 include both 
sales and inventory changes, we prefer to use average percent- 
ages to avoid any distortion due to inventory changes in a 
given year. Average consumption figures were calculated, 
therefore, for the years 1972-1980 (8.8%) when most accurate 
data were available and for the years 1958-1971 (16%) when 
the data is less accurate. Annual world CC1 4 emissions were 
then calculated for each of these time periods (see column 8, 
Table 7) and again assuming that 95% of the nonfeedstock 
CC1 4 is eventually released. It is also significant that, using 
1976 as an example, the cummulative emissions calculated by 
this method are at least 20% higher than those derived by the 
SRC [1978]. 

These CG 4 release estimates probably still underestimate 


slightly the actual emissions since production figures for chlor- 
ofluorocarbons and CC1 4 are very limited from the U.S.S.R., 
Peoples Republic of China, and eastern European countries. 
Furthermore, end usage patterns in these countries could be 
different with a larger fraction of CC1 4 total production being 
used dispersively. 

The cumulative emission of 3427 ktons of CG 4 at the end 
of 1980 can therefore be regarded as a lower limit, and we 
must next attempt to estimate an upper limit for the global 
release of CC1 4 . From Table 3, we can see that about 10 years 
elapsed (from 1958 to 1968) before production of chlor- 
ofluorocarbons in the rest of the world equalled production in 
the United States. If this 10 year lag-time is also a reasonable 
reflection of CC1 4 production and uses, we can further assume 
that releases of CC1 4 in the rest of the world as a percentage of 
the rest of the world production would be roughly proportion- 
al to release in the United States 10 years earlier as a percent- 
age of U.S. production. Using this assumption, we have then 
calculated annual CC1 4 emissions in the rest of the world 
beginning in 1958, but the calculation is based on U.S. release 
rates calculated for 1948. Each year’s release, calculated in this 
way, is then summed with the derived production losses, with 
95% of the total CC1 4 finally released to the atmosphere. The 
cummulative CG 4 global release at the end of 1980 deter- 
mined by this method is 3972 ktons, which we have adopted 
as our upper limit. 

In our calculations the atmospheric release after 1970, given 
in Table 7, is assumed to be injected into the atmosphere in 
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the proportion 0.787, 0.149, 0.035, and 0.029 in the 90°N- 
30°N, 30°N-0°, 0°-30°S, and 30°S-90°S semi-hemispheres, re- 
spectively. These proportions were determined from the pro- 
portions (/ values) derived for CFClj [ Cunnold et al., this issue 
(a)] and CF 2 C1 2 [ Cunnold et al ., this issue (i>)] with the relative 
weights given to CFQ 2 and CF 2 G 2 being determined by the 
quantities of CC1 4 used in their production. This procedure for 
determination of / values parallels the procedure used to de- 
termine the lower limit on release and is used in the absence of 
information on the dispersive releases of CC1«. Prior to 1971, 
all the release was assumed to be in the 90°N-30°N semi- 
hemisphere. The atmospheric lifetime of CCI 4 deduced from 
the ALE data is not significantly dependent on the assumed 
distribution of release. 

3.2. Removal Processes for Carbon Tetrachloride 

It is generally agreed that the primary mechanism for the 
removal of CC1 4 from the atmosphere is by stratospheric 
transport and photolysis. However, estimates of the CG 4 resi- 
dence time in the stratosphere vary considerably. Krey et al. 
[1976] estimate an atmospheric lifetime of 18 years; lifetimes 
calculated by other investigators range from 50 to 100 years 
[Atkinson et al., 1976; Galbally, 1976; NAS, 1976; Singh et al., 
1976]. Actual measurements [Pierotti et al., 1980; Seiler et al., 
1978] of the stratospheric profile of CC1 4 show that its con- 
centration rapidly decreases with altitude (~ 14 pptv km" 1 ) 
and support the view that the stratospheric lifetime may be 
much shorter than most calculated estimates. Recent calcula- 
tions by Golombeck [1982] based on the photodissociation 
cross section of CC1 4 , in fact, give a stratospheric lifetime of 
7.5 years and an atmospheric lifetime of approximately 50 
years. 

Transfer into the oceans with subsequent hydrolysis is the 
second most important sink for CG 4 . Based on laboratory 
measurements, hydrolysis in the oceans is predicted to be ex- 


tremely slow [ Hint , 1950; Radding et al., 1977], However, the 
e~ l depth of CC1 4 is reported to be 50 m [ Lovelock et al., 
1973], and the rate of transfer across the air/sea interface 
calculated by different investigators ranges from 1.7 x 10" 3 to 
7 x 10' J yr' 1 [ Galbally , 1976; Neely, 1977; Pierotti et al., 
1976b]. This would suggest that the CC1 4 flux to the oceans 
could be an important sink if the faster rates apply and would 
be competitive with the stratospheric sink. Unfortunately, the 
exact removal mechanism by the oceans is uncertain, although 
speculation suggests that bioaccumulation in marine or- 
ganisms and subsequent incorporation in sediments could be 
the dominant loss process [AMS, 1976]. 

Removal of CC1 4 from the troposphere through ion- 
molecule chemistry, or by gas phase reactions with neutral 
species, are generally not of sufficient magnitude to be impor- 
tant sinks [NAS, 1976]. UV photolysis is not significant in the 
troposphere [Rebbert and Ausloos, 1976], and reaction with 
OH radicals is also sufficiently slow as to be unimportant as a 
sink [Cox et al., 1976]. Galbally [1976] concludes that reac- 
tions of CQ 4 with Of 3 P), H, and CH S are the only significant 
atmospheric reactions. Although a fast reaction rate 
(1.4 x 10~* cm 5 s'*) has been reported for the reaction of 
CC1 4 with O" ions [Ootan et al., 1978], most atmospheric 
ions are rapidly hydrated to form cluster ions so that charge 
transfer reactions of this type have little practical effect on 
overall CG 4 loss rates. Campbell [1976] contends that natural 
ionization could lead to a CC1 4 removal rate of 2.4 x 10" 3 
yr' 1 , even greater than the stratospheric loss rate; however, 
competition with the more abundant molecular oxygen would 
negate the importance of this potential sink. 

Photodissociation of CCI 4 adsorbed onto silicates has been 
demonstrated in the laboratory [Ausloos et al., 1977; Gab et 
al., 1977], and it has been proposed that this phenomenum 
could provide a sink for CCI 4 in the desert regions of the 
world, such as the Sahara. If the chemical efficiency of this 


TABLE 5. Estimates of Annual World Emissions of CCt 4 From 1908 to 1930 


Year 

Annual 

World 

Production, 

KT 

Annual 
Production 
United States, 
World, 

% 

Production 

Loss, 

% 

Production 

Loss, 

KT 

Annual 

World 

Emission,* 

KT 

Cumulative 

World 

Emission, 

KT 

1908 

0.1 

100 

5.0 

0.0 

0.1 

0.1 

1909 

0.3 

100 

5.0 

0.0 

0.3 

0.4 

1910 

0.2 

100 

5.0 

0.0 

0.2 

0.6 

1911 

0.7 


5.0 

0.0 

0.7 

1.3 

1912 

0.8 

100 

5.0 

0.0 

0.8 

2.1 

1913 

1.0 

100 

5.0 

0.1 

1.1 

3.2 

1914 

1.5 

100 

5.0 

0.1 

1.5 

4.7 

1915 

18 

100 

5.0 

0.1 

2.8 

7.5 

1916 

5.1 

100 

5.0 

0.3 

5.1 

116 

1917 

5.9 

100 

4.5 

0.3 

5.9 

18.5 

1918 

6.4 

100 

4.5 

0.3 

6.4 

24.9 

1919 

3.3 

100 

4.5 

0.1 

3.2 

28.1 

1920 

3.2 

100 

4.5 

0.1 

3.1 

31.2 

1921 

1.9 

100 

4.5 

0.1 

1.9 

33.1 

1922 

5.1 

100 

4.5 

0.2 

5.0 

38.1 

1923 

6.1 

100 

4.5 

0.3 

6.! 

44.2 

1924 

6.5 

100 

4.5 

0.3 

6.5 

50.7 

1925 

7.7 

95 

4.0 

0.3 

7.6 

58.3 

1926 

9.0 

95 

4.0 

0.4 

8.9 

67.2 

1927 

7.9 

95 

4.0 

0.3 

7.8 

75.0 

1928 

9.4 

95 

4.0 

0.4 

9.3 

84.3 

1929 

15.7 

95 

4.0 

0.6 

15.5 

99.8 

1930 

15.6 

95 

4.0 

0.6 

15.4 

1 15.2 


'Annual World Emission assume* 95% release of world production + production loss during manufacture. 
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TABLE 6. Estimates of Globs! Atmospheric Releases of CC1 4 From 1931 to 1937 


Year 

r 

Annual 

Global 

Production, 

KT 

Annual 
Production 
United States, 
Global, 

% 

Production 

Lou, 

% 

Production 

Lou, 

KT 

Conversion 
to CFC* 
11 and 11 
KT* 

Residual 
Released 
(95%), ' 

KT* 

Annal 

Global 

Emission, 

KT 

Cumulative 

Global 

Emiuion, 

KT 

1931 

17.5 

90 

4.0 

0.70 

0.65 

16.0 

16.7 

(115.2) 

131.9 

1932 

17.8 

90 

4.0 

a7i 

013 

16.8 

17.5 

149.4 

1933 

18.0 

90 

4.0 

0.72 

039 

16.7 

17,4 . 

166.8 

1934 

23.6 

90 

3.5 

0.83 

0.92 

21.8 

216 

189.4 

1935 

28.1 

90 

3.5 

0.98 

1.30 

25.5 

26.4 

215.8 

1936 

34.5 

90 

3.5 

ill 

211 

30.7 

31.9 

247.7 

1937 

42.3 

90 

3.5 

1.48 

4.17 

361 

37.7 

285.4 

1938 

39.3 

90 

3.5 

1.38 

3.81 

33.7 

35.1 

320.5 

1939 

45.6 

90 

3.5 

1.60 

511 

38.4 

40.0 

360.5 

1940 

50.7 

90 

3.5 

1.77 

6.13 

413 

44.1 

404.6 

1941 

61.3 

90 

3.5 

115 

8.65 

50.0 

512 

456.8 

1942 

72.8 

90 

3.0 

118 

8.05 

61.5 

63.7 

520.5 

1943 

88.3 

90 

3.0 

165 

11.16 

73 3 

75.9 

596.4 

1944 

105.7 

90 

3.0 

3.17 

2136 

791 

813 

678.7 

1945 

97.2 

90 

3.0 

192 

26.86 

66.8 

69.7 

748.4 

1946 

74.8 

90 

3.0 

124 

2161 

49.6 

51.8 

800.2 

1947 

100.4 

90 

3.0 

3.01 

27.90 

68.9 

71.9 

872.1 

1948 

108.2 

90 

3.0 

315 

35.96 

68.6 

; 71.9 

944.0 

1949 

99.3 

90 

3.0 

198 

39.39 

56.9 

59.9 

1003.9 

1950 

109.1 

90 

2.5 

173 

53.02 

53.3 

56.0 

1059.9 

1951 

123.2 

90 

2.5 

3.08 

58.00 

61.9 

65.0 

1124.9 

1952 

110.5 

90 

2.5 

176 

64.50 

43.7 

46.5 

1171.4 

1953 

130.9 

90 

2.5 

317 

80.97 

47.4 

507 

12211 

1954 

118.3 

90 

2.5 

196 

88.53 

28.3 

31.2 

1253.3 

1955 

144.9 

90 

15 

3.62 

105.86 

37.1 

40.7 

1294.0 

1956 

155.9 

88 

15 

3.90 

127.62 

26.9 

30.8 

1324.8 

1957 

169.6 

85 

15 

414 

136.43 

31.5 

35.7 

1360.5 


‘Assumes 97% efficiency of conversion 

‘Assumes 95% of annual global production CO 4 -CCI 4 converted to CFCs is eventually released. 


removal process was 10%, it would account for a CC1 4 de- 
struction time constant of about 20 years [_Alyea et al n 1978]. 
Support for this hypothesis is provided by limited measure- 
ments of halocarbons in dusty Saharan atmosphere, which 
show a small but statistically significant depletion of CG 4 
[Pierotti et at., 1978]. Nevertheless, the exact magnitude of 
this potentially important sink has yet to be quantitatively 
determined Table 8 summarizes the various sinks which have 
been proposed for CC1 4 in terms of first-order removal rates 
and estimated lifetimes. 

4. CC1 4 Lifetime Estimates 
4.1. Trend Technique 

The two-dimensional atmospheric model described in Cun- 
nold et al. [this issue (a)] has been used to predict the distri- 
bution of CC1 4 in the lower troposphere for both the lower 
and the upper limit release scenarios given in Table 7. In these 
calculations, the model transport parameters were the same as 
those used in simulating the observed latitudinal distributions 
of CFG } and CFjG 2 ICunnold et al., this issue (a)] and the 
stratospheric lifetime, t„ was varied until the best overall fit to 
the temporal trends at the ALE sites was obtained. As for the 
other ALE calculations, because the assumed transport pa- 
rameters lead to an overprediction of the observed seasonal 
variations at most of the sites, the seasonal variations were 
filtered out of the two-dimensional model results, using a 12- 
month averaging procedure. This was done in order to avoid 
introducing into the residuals seasonal cycles in which we had 
little confidence because of uncertainties in the modeled sea- 


sonal variations of both atmospheric transport and the release 
of CG 4 into the atmosphere. To provide a summary of the 
site-to-site and month-to-month consistency of the data, the 
monthly differences (residuals) between the model results and 
the observations expressed in the form InCu/Xc) are given in 
Figure 6, where the mixing ratios Xm and & are those mea- 
sured by the ALE and those calculated by using the nine-box 
model, respectively. For this calculation, the “most probable” 
release scenario, defined as the average of the upper and lower 
limit scenarios, was used, and a lifetime of 50 years was as- 
sumed. 

Examining the trends in the residuals. Figure 6 suggests an 
underprediction of the linear trend by the two-dimensional 
model for Ragged Point, Barbados, and an overprediction of 
the trend for Cape Grim, Tasmania. These differences in trend 
may be interpreted as variations in the atmospheric lifetime 
estimates from site to site. Lifetime estimates derived from the 
data series in each of the four semi-hemispheres of the globe 
are given in Table 9. These estimates have been obtained by 
using the optima] estimation procedure of Cunnold et al. [this 
issue (a)] with the variances given by equation (2) being used 
to weight the differences between the monthly observations 
and the two-dimensional model predictions. The calculations 
used a partial derivative 



This was determined from other two-dimensional model cal- 
culations based upon the sensitivity of the average mixing 
ratio trend at the locations of the ALE sites over the 3-year 
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TABLE 7. Estimates of Global Atmospheric Releases of CCI 4 From 1958 to 1980 



Annua] 

World 

Production, 

KT 

Annual 
Production 
United States, 
World, 

% 



Annual 
World 
Emission 
Calculated 
as Percent 
oT World 
Consumption 

ecu.* 

% 

Assume 

95% 

Released, 

KT 

Total Annual 
World Emission* 

Cummulative 

World 

Year 

Production 

Loss, 

% 

Production 

Loss, 

KT 

Lower 

Limit, 

KT 

Upper 

Limit, 

KT 

Lower 

Limit, 

KT 

Upper 

Limit, 

KT 

1958 

177.4 

80 

2.5 

4.4 

28.4 

27.0 

31.4 

61 1 

(1360.5) 

1391.9 1422.6 

1959 

208.5 

80 

2.0 

4.2 

33.4 

31.7 

35.9 

67.4 

1427.8 

1490.0 

1960 

231.2 

73 

2.0 

4.6 

37.0 

35.1 

39.7 

65.2 

1467.5 

1555.2 

1961 

245.2 

71 

2.0 

4.9 

39.2 

37.3 

42.2 

615 

1509.7 

1617.7 

1962 

300.5 

73 

2.0 

6.0 

48.1 

45.7 

51.7 

66.6 

1561.4 

1684.3 

1963 

346.3 

68 

2.0 

6.9 

55.4 

52.6 

59.5 

77.8 

1620.9 

1762.1 

1964 

398.5 

61 

2.0 

8.0 

63.8 

60.6 

686 

73.1 

1689.5 

1835.2 

1965 

420.8 

64 

2.0 

8.4 

67.3 

64.0 

72.4 

64.3 

1761.9 

1899.5 

1966 

506.7 

58 

2.0 

10.1 

81.1 

77.0 

87.1 

79.0 

1849.0 

1978.5 

1967 

588.5 

55 

2.0 

11.8 

94.2 

89.5 

101.3 

1011 

19503 

2080.6 

1968' 

641.2 

54 

1.5 

9.6 

102.6 

97.5 

107. 1 

86.9 

2057.4 

2167.5 

1969 

770.0 

52 

1.5 

11.5 

123.2 

117.0 

128.5 

121.0 

2185.9 

2288.5 

1970 

935.9 

49 

1.5 

14.0 

149.7 

142.3 

156.3 

187.9 

2342.2 

2476.4 

1971 

973.8 

47 

1.5 

14.6 

155.8 

148.0 

162.6 

178.7 

2504.8 

2655.1 

1972 

973.2 

47 

1.5 

14.6 

85.6 

81.4 

96.0 

129.6 

2600.8 

2784.7 

1973' 

1079.5 

44 

1.5 

16.2 

95.0 

90.3 

106.5 

137.4 

2707.3 

2922.1 

1974 

1215.2 

44 

1.5 

18.2 

106.9 

101.6 

119.8 

183.7 

2827.1 

3105.8 

1975 

1015.5 

40 

1.5 

15.2 

89.4 

84.9 

100.1 

136.7 

2927.2 

3242.5 

1976 

1088.9 

35 

1.5 

16.3 

95.8 

91.0 

107.3 

148.9 

3034.5 

3391.4 

1977 

1045.6 

34 

1.5 

15.7 

92.0 

87.4 

103.4 

152.1 

3137.9 

3543.5 

1978 

1005.6 

32 

1.5 

15.1 

88.5 

84.1 

99.2 

142.8 

3237.1 

3686.3 

1979 

943.3 

30 

1.5 

14.1 

83.0 

78.9 

93.0 

133.0 

3330.1 

3819.3 

1980 

985.2 

29 

1.5 

14.8 

86.7 

82.4 

97.2 

152.2 

3427.3 

3971.5 


'From 1975 to 1980, annual world production of CC1* is derived from U5. CC1* production + imports - exports. For all other years, 
consumption is equivalent to production because no export/import figures were available. Also from 1958 to 1971, 16% is used to calculate 
emission, whereas from 1972 to 1980, 8.8% is used (see text). 

*Total emission is the sum of annual emission (95% release) + production lots. 

'These years use extrapolated values and are therefore less certain. 


data period to small variations in T r The site-to-site differ- 
ences in the estimates of lifetime correspond to differences 
between the observed and calculated linear trends at each site 
divided by this partial derivative. The uncertainty limits on 
the lifetimes are affected primarily by month-to-month (as op- 
posed to within months) variations in CC1 4 and are signifi- 
cantly larger for Adrigole/Cape Meares than for the other sites 
because the data record is only approximately half as long at 
those sites. Applying a student-t test to the site-to-site lifetime 
differences and to the uncertainty limits assigned to each, it 
would appear that the uncertainty limits are underestimated 


by a factor of approximately 2. That is to say, there probably 
exist long-term drifts (having a period of several years or 
more), which are probably of instrumental origin [Cunnold et 
a/., this issue (a)], which are not predicted by the two- 
dimensional model and which would not be accounted for by 
the procedure used to derive the uncertainty limits. 

From Figure 6 it appears that the most significant inconsist- 
encies occur in the first few months of ALE operation. It is, 
therefore, useful to examine the site-to-site consistency as a 
function of time. Table 10 shows both the optimal and the 
average lifetime estimates obtained for 1, 2, and 3 year periods 


TABLE 8. Sinks snd Removal Times for Carbon Tetrachloride 


Sink 

Removal Time, 
t ( years) 

Removal Rate, 
l/x (year" 1 ) 

Reference 

Stratospheric 

60 

1.6 x 10" 1 

NAS [1976] 

photolysis 


40-59 

I.7-2.5 x 10'* 

Galbally [1976] 


60-100 

1 .3-1.6 x 10'* 

Singh et al. [1976] 


18 

5.5 x 10‘ J 

Krey et al. [1976] 


50 

2.0 x 10- * 

Golombeck [1982] 

Transfer and hydrolysis 

59 

1.7 x 10'* 

Pierotli et al. [1976] 

in the oceans 


95-286 

3.5-10.5 x 10'* 

Galbally [1976] 

Gas phase reactions 

Reactions with O, H, CH, 

555-1667 

0.6-1.8 x JO"* 

Galbally [1976] 

Reaction with OH 

>330 

>3 x 10-* 

Cox et al, [1976] 

Biological removal 

333-10* 

1 .0-3.0 x 10- ’ 

Galbally [1976] 
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-.01 
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Fig. 6. CCl 4 residuals with respect to a two-dimensional model calculation with only a stratospheric sink correspond- 
ing to an atmospheric lifetime of 50 years. Residuals are given as the natural logarithm of the measured mixing ratio 
divided by the calculated mixing ratio. 

(based upon varying the stratospheric lifetime, rj. In pre- available in that time period. The table shows extreme varia- 

paring this table, the data from Adrigole/Cape Meares was bility of the lifetime estimates during the first year of network 

omitted in deriving the average lifetime estimate for the period operation and, in contrast, very little variation in the second 

July 1978 to June 1980 since only 7 months of data were and third years of operation. Both the optimal combination 


TABLE 9. CC1 4 Lifetime Estimates (Due to Stratospheric Photodissociation) Derived From the Trend 
at Each Site Based Upon the Average of the Two Release Scenarios Given in Table 7 



Reciprocal 


Approximate Weight 


Lifetime, 

Lifetime, 

Given to Station 

Site 

(years) ± 1 e 

(years) ±le 

. in Optimal Code 

Adrigole, Ireland/ 

0.023 ± 0.007 

J1*l» 

CM 

Cape Meares, Oregon 
Ragged Point, Barbados 

0.017 ± 0.003 

59!i’ 

0.3 

Point Matatula, American Samoa 

0.024 ± 0.003 

42!t 
29- j 

0.4 

Cape Grim, Tasmania 

0.035 ± 0.004 

0.2 





RAGGED POINT 



ADRIGOLE/CAPE MEARES 
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TABLE 10. CG 4 Reciprocal Lifetime Eitimites (yean' 1 ) u a 
Function of Time Obtained by Averaging and by Optimally 
Combining the Lifetime Estimates at the ALE Sites 


Time Period 

Optimal 

Combination 

Average 

July 1978 to June 1979 

0.011 ±0.009 

0.020 ±0.024 

July 1980 to June 1981 

0.01 J± 0.007 

0.018 ±0.01! 

July 1978 to June 1980 

0.014 ± 0.003 

0.020 ± 0.007 

July 1979 to June 1981 

0.021 ±0.003 

0.026 ± 0.003 

July 1978 to June 1981 

0.020 ± 0.002 

0.025 ± 0.004 


and the average of the lifetime estimates at the ‘Tour" sites 
appear to be converging satisfactorily with time. It is not, 
however, clear from Table 10 which combination provides the 
better lifetime estimate. The difference between the two esti- 
mates is that the optimal combination gives reduced weight to 
the Cape Grim (and Adrigole/Cape Meares) record because of 
the substantial autocorrelation of the residuals shown in 
Figure 6. It seems intuitively reasonable to give reduced 
weight to all the data during the first year of operation as well 
as to the shorter length record at Adrigole/Cape Meares. We 
shall therefore utilize the weighting reflected in the optimal 
combination and the lifetime thus derived. However, because 
the student-r test suggests that the optimal algorithm is un- 
derestimating the uncertainty limits (by approximately a 
factor of 2), we shall use the error bars obtained by averaging. 
The reciprocal lifetime estimate is thus 0.020 ± 0.004 years" 1 
and atmospheric lifetime of CC1 4 (obtained by the trend tech- 
nique) is 50i** years. Note that these uncertainty limits do 
not yet include the effect of the uncertainties in release corre- 
sponding to our two release scenarios. 

4.2. Inventory Technique 

In previous papers it was argued that the two-dimensional 
model successfully similates the latitudinal and altitudinal dis- 
tributions of CFClj [Cunnold et al. t this issue (a)] and CF 2 C1j 
ICunnold et al., this issue (/>)]. Figure 6 suggests that the two- 
dimensional model also successfully simulates the latitudinal 
distribution of CC1 4 ; for example, the average increase from 
Cape Grim, Tasmania, to Ragged Point, Barbados, is 4.0% 
observationally and 4.2% in the two-dimensional model. The 
agreement is poorer for the gradient from Cape Grim to Adri- 
gole/Cape Meares (7.6% versus 6.2 ± 0.7% depending on 
which release scenario is used), and this may indicate that 
CC1 4 at Adrigole is anomalously high. 

It is evident from the ALE experiment, as well as from 
previous observations, that the atmospheric lifetime of CC1 4 is 
sufficiently long that CCI 4 is well mixed in the troposphere. In 
fact, the observed latitudinal gradient is so small (~7%) that 
we believe that the average mixing ratio derived from the ALE 
network is likely to be within 0.5% of the average tropo- 
spheric mixing ratio of CC1 4 . Stratospheric observations [Pi- 
erotti et al., 1980; Seiler et at., 1978] indicate that there is 
CC1 4 in the stratosphere but that its relative decrease with 
increasing altitude is at least as large as for CFClj. The three- 
dimensional model calculations by Golombeck [1982] give an 
atmospheric lifetime for CC1 4 due to stratospheric photo- 
dissodation alone of 50 years. Assuming that this is the only 
destruction process for CCI 4 , and using the “most probable” 
release scenario, our two-dimensional model produces an 
average mixing ratio in the stratosphere at the end of 1979 
equal to 0.6 times the average mixing ratio in the (upper) 
troposphere. We shall assume a value of 0.6 ± 0.12 (la limits) 


for this ratio. This range is consistent with existing strato- 
spheric observations of CC1 4 and with a ratio of 0.58 ± 0.1 
ICunnold et al., this issue (a)] observed for CFClj. Assuming 
the stratosphere is 20% of the atmosphere, the average mixing 
ratio of CC1 4 throughout the atmosphere is estimated to be 

(0.92 ± 0.03)i ALE (5) 

where y ALE is the average mixing ratio observed in the ALE 
experiment. Based upon y ALE « 118 pptv and an atmospheric 
mass of 5.137 x 10'* kgm, the atmospheric inventory of CC1 4 
on January 1, 1980, is therefore estimated to be approximately 
3000 kton. This may be compared against the accumulated 
release up to that time, using the average of the two release 
scenarios given in Table 7, of 3575 kton. 

Using the “most probable" release scenario, an atmospheric 
lifetime which best simulates the atmospheric inventory is de- 
termined by minimizing the differences between the observed 
and the model-calculated mixing ratios. In this calculation 
also the differences are weighted according to the precision of 
the estimates of the monthly mean values (equation (2)). This 
lifetime, which is based or solving equation (3), is calculated to 
be 57 years. 

4.3. Uncertainties in the Lifetime Estimates 

Trend estimates of lifetime have been derived from the ALE 
data by using both the upper and lower limit release scenarios. 
For the lower limit scenario, the reciprocal lifetime is esti- 
mated to be 0.009 years' 1 ( — 110 years) while for the upper 
limit scenario we obtain an estimate of 0.032 years" 1 (31 
years). If we assume that these release scenarios provide ± la 
upper and lower limits on the release, we conclude that the 
uncertainty in reciprocal lifetime due to uncertainties in the 
release data is ±0.011 years" 1 . Similar model calculations 
may also be used to estimate how release uncertainties affect 
the lifetime estimate calculated by the inventory technique. 
For the lower and upper limit release scenarios, we obtain 
reciprocal lifetimes of 0.008 years" 1 (-120 years) and 0.027 
years" 1 (37 years), respectively. Thus, for the inventory and 
the trend techniques, release uncertainties produce uncer- 
tainties in the reciprocal lifetime of 0.010 and 0.011 years" 1 , 
respectively. 

If the reciprocal lifetime uncertainty associated with mea- 
suring the trend of CC1 4 in the atmosphere (0.004 years" 1 ) is 
combined with the uncertainty associated with the release of 
CG 4 into the atmosphere, the trend reciprocal lifetime uncer- 
tainty is (0.011* + 0.004 2 ) ,/3 years" 1 . This gives upper and 
lower (lo) limits to the trend lifetime of approximately 120 
and 31 years, respectively 

The uncertainty in the inventory estimate of reciprocal life- 
time arises not only from the release uncertainties described 
above (0.010 years* 1 ) but also from absolute calibration un- 
certainties and from the uncertain content of CC1 4 in the 
stratosphere. From coulometry alone, Rasmussen and Lovelock 
[this issue] estimate that the accuracy of the calibration of the 
ALE standards is 4%. In the absence of independent corrob- 
oration by other measurement techniques, we believe that this 
uncertainty should be increased. Based on the fact that di- 
lution provides an absolute calibration factor which is ap- 
proximately 22% more than that derived from coulometry 
techniques [Rasmussen and Lovelock, this issue], we shall 
assume that the accuracy of calibration of CC1 4 in the ALE 
standards is 22/2 - 11%. We note that such an absolute 
calibration uncertainty is consistent with the large differ- 
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ences in absolute calibration noted by Rasmussen {1978]. 
This uncertainty may be translated into an uncertainty in 
reciprocal lifetime on the basis of the sensitivity shown in 
our two-dimensional model of the atmosphere to small 
changes in the atmospheric lifetime of CCl*. The model 
sensitivity is simulated by d(ln x)A 3 ( | i T ) = -8 years where x 
is the simulated globally averaged mixing ratio at the loca- 
tions of the ALE sites for the 3 years of measurements. 
Thus, the uncertainty of 11% in absolute calibration is 
translated into a reciprocal lifetime uncertainty of 0.14 
years' 1 . Neglecting the much smaller uncertainty associated 
with our estimate of the stratospheric content, the combined 
uncertainty in the reciprocal lifetime derived from the inven- 
tory technique is (0.0I4 2 + 0.010 J ) |,: years" 1 . This gives an 
uncertainty range for the inventory lifetime of 57_ + ji years. 

The CC1 4 production from photochemically induced oxida- 
tion of perchioroethylene [Singh tt al., 1975, 1976] would lead 
to approximately 20 kton/year of additional CC1 4 release 
during the 1970's (based on PCE production figures obtained 
from the International Trade Commission) and to an increase 
in the predicted surface mixing ratio of CG 4 of approximately 
20%. It would, however, lead to a change of only 0.1%/year in 
the calculated trend over the 3-year period of ALE observa- 
tions. Hence, this CC1 4 production mechanism does not pro- 
duce a determinable response in trend or, in fact, in atmo- 
spheric inventory based on the uncertainties of the ALE CG 4 
measurements and release estimates. 

5. Conclusion 

The atmospheric concentrations of CC1 4 have been deter- 
mined at five coastal sites chosen to represent approximately 
the four major equal mass subdivisions of the global atmos- 
phere. The data have been fitted with an empirical model 
including a linear trend and an annual cycle. Averaging the 
observations from the four semi-hemispheres of the globe, the 
average mixing ratio of CG 4 in the lower troposphere on 
January 1, 1980, is estimated to have been 118 pptv, and it 
was increasing at 2.1 pptv (1.8%) per year. 

Using an optima] estimation technique incorporating a two- 
dimensional nine-box model of the atmosphere and a pre- 
scribed atmospheric release scenario leads to estimates of the 
atmospheric lifetime of CC1 4 of 50 years (by the trend analysis 
technique) and 57 years (by the inventory analysis technique). 
The maximum likelihood combination of these two lifetime 
estimates is 52 years. Uncertainties in these estimates have 
been discussed and result from both release and measurement 
uncertainties for the trend technique and principally from re- 
lease and absolute calibration uncertainties for the inventory 
analysis. Based on the current estimate of the atmospheric 
lifetime of CG 4 due to stratospheric photodissociation of ap- 
proximately 50 years and on the admittedly ad-hoc assessment 
of uncertainties in release and absolute calibration, we note 
not only remarkable agreement between the lifetime estimates 
obtained by using the two relatively independent analysis pro- 
cedures but also consistency between the proposed release sce- 
nario, and destruction of CG 4 by photodissociation in the 
stratosphere only. 
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Atmospheric Lifetime and Annual Release Estimates for CFC1 3 and CF 2 C1 2 

From 5 Years of ALE Data 

D. M. Cunnold, 1 ' 2 * R. G. Prinn, 2J R. A. Rasmussen, 4 P. G. Simmonds, 5 
F. N. Alyea, 1 - 2 C. A. Cardelino. 1,2 A. J. Crawford, 4 
P. J. Fraser, 6 and R. D. Rosen 7 

Atmospheric Lifetime Experiment measurements of CFClj and CF 2 CI 2 several times per day at five 
remote surface sites from July 1978 to June 1983 are reported. For January 1, 1981, the mean latitudi- 
nally averaged mixing ratios were 177.5 parts per trillion by volume (pptv) and 300.4 pptv for CFCI, and 
CFjClj, respectively. The atmospheric content at that time is estimated to have been 3,960 million kg of 
CFCI) and 6,000 million kg or CF 2 CI 2 . The mixing ratios exhibited an annual rate of increase of 9.0 and 
15.3 pplv/yr for CFCI, and CF 2 CI 2 , respectively. Trend lifetime estimates for January I, 1981, from this 
5-year data set are 741 years for CFClj and 1 1 1 iJJ* years for CF 2 0 2 . On the basis of a comparison 
of CFCI) data on two different chromatographic columns, it is shown that the spectrum of measurement 
errors maximizes at low frequencies but may be relatively flat at periods longer than approximately 3 
years. The uncertainties in the trend lifetime estimates are, however, dominated by release uncertainties. 

Inverting the analysis, assuming stratospheric photodissociation to be the only atmospheric sink of 
fluorocarbons, yields annual release estimates with an accuracy, based on the precision of the measure- 
ment system, of approximtely 8%. Excellent agreement with the Chemical Manufacturers Association 
release estimates is found for CFClj; for CF 2 C1 2 the estimates, although exhibiting variability from year 
to year, suggest that the emissions in the USSR and Eastern Europe have remained roughly constant 
over the years 1979-1982. 


I. Introduction 

Long-term measurements of the atmospheric concentrations 
of CFCI 3 , CF 2 C1 2 , CHjCClj, CCI 4 , and N a O have been made 
at Adrigolc, Ireland (52°N, 10°W), Cape Meares, Oregon 
(45 'N, 124 0 W), Ragged Point, Barbados (I3°N, 59°W), Point 
Matatula, American Samoa (I4°S, 17PW), and Cape Grim, 
Tasmania (41°S, 145°E). The Atmospheric Lifetime Experi- 
ment (ALE) utilizes automated dual-column electron-capture 
gas chromatographs which sample the air four times daily. 
Measurements have been made since approximately mid-1978 
at four of the sites and since December 1979 at Cape Meares. 

Data for the period from July 1978 to June 1981 and the 
analysis for the atmospheric lifetimes of the constituents have 
been reported in a series of six papers IPrtnn et al., 1983a, b; 
Rasmussen and Lovelock, 1983; Cunnold et al „ 1983a, b; and 
Simmonds et al., 1983]. The years 1984-1985 have been a tran- 
sition period for ALE during which funding of Adrigole 
ceased and preparations were made for replacing the 
HP5840A instruments by HP5880s with the capability of mea- 
suring CH 4 . 

This paper summarizes the data on CFC1 3 and CF 2 C1 2 for 
the 5-year period from July 1978 to June 1983. Separate re- 
ports are being written for N 2 Q and for CH,CC1 3 and CCI 4 . 
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In this report the “3-year” lifetime estimates are updated, and 
in addition, the analysis is inverted to derive annual global 
release rates of the gases. Attempts have been made to sepa- 
rate variations of the measured concentrations produced by 
atmospheric transport from variations of instrumental origin; 
a separate paper will describe thes$ results. However, at the 
long periods which affect the determination of lifetimes, evi- 
dence will be presented that the dominant measurement re- 
siduals are not transport related. The 5-year data set provides 
a better sample for estimating these long-term variations than 
the 3-year data set. Accordingly, the analysis reported here 
results in more precise estimates of lifetimes than were possi- 
ble from the 3-year data set. 

2. The 5-Year Data Set 

Daily mean concentrations and standard deviations for 
CFGj (measured on both the silicone and Porasil columns) 
and CF 2 CIj (which was measured on the Porasil column) for 
the fourth and fifth years of ALE (July 1981 to June 1983) are 
shown in Figures 1-3. Corresponding data for the first 3 years 
may be found in the individual 3-year analysis papers. Figures 
4-6 show the complete 5-year data record of monthly means 
(and standard deviations) at each measurement site, and 
Tables 1-3 list the monthly mean values for the fourth and 
fifth years. Absolute calibration factors (<f) which have been 
applied to the data arc 0.96 for CFClj and 0.95 for CF 2 C1 2 . 
These are the same factors which were used for the 3-year data 
set. Note that pollution events, determined by simultaneous 
increases in several of the measured gases or from measure- 
ments of perchlorocthylene at Adrigole, have been omitted 
from the data set analyzed in this paper. Thus the Adrigole 
record, in particular, contains many short-term data gaps. 

The .daily data obtained in 1982 and 1983 are of a similar 
quality (that is, precision) to that obtained in the second and 
third year of the ALE experiment. The continuity of the data 
during the fifth year is remarkable. Following calibration tank 
changes, approximately 1 -week equilibration periods, and dis- 
continuities of approximately 1 %, remain a characteristic fea- 
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Fig. la. CFClj daily means (pptv) and standard deviations measured on the silicone column at Adrigole, Ireland (52°N, 
10°W), for the period July 198 1 to June 1983. Changes of the calibration gas lank are noted on the Upper abscissae. 


ture of the data set (for example, tank 082 at Ragged Point, 
Barbados). In March and April 1982 the instrument at Point 
Matatula was almost destroyed by lightning and required 
complete renovation. In July, August, and September 1981 the 
Cape Grim instrument was operated incorrectly and a con- 
taminated argon/methane-carrier gas mixture was used. Some 
of the data was, however, retrievable. In May 1982 the instru- 
ment at Cape Grim was moved from the ALE building to the 
new Commonwealth Scientific and Industrial Research Orga- 
nization (CSIRO)/Bureau of Meteorology laboratory a short 
distance away. No discontinuity is evident in the data at that 
time. This conclusion is, moreover, supported by the simulta- 
neous operation of an HP5880 by one of the authors (P. J. F.) 
in the laboratory over a period of several months spanning 
May 1982. 

To summarize efficiently the principal long-term compo- 
nents of the ALE data, the time series have been fitted by an 
empirical model of the form 
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where t -0 corresponds to June IS, 1978; t is measured in 
months; t„ is the midpoint of the data records and is equal to 
30.5 months (January 1, 1981), except where subsequently 
noted; and x tJ is the volume mixing ratio of species i at station 
j. Note that the time series of mixing ratio is modeled in (1) 
and not its logarithm, which was modeled for the 3-year data 


set. This change was made because the year-by-year release 
rate estimates for each species are approximately constant 
over the 5-year period. The time series should thus be pri- 
marily represented by the first two terms of (1). 

Weighted least squares fitting of the monthly mean 
measurements by (1) yields maximum likelihood estimates of 
the parameters. In this procedure each month’s mean receives 
a weight (c~ 2 ) obtained from the estimated variance of the 
monthly mean value. This variance is derived from the sum of 
the variance of the measurements (<r„ J ) during the month 
about the monthly mean, divided by the number of indepen- 
dent observations n m (which is approximately 10, based on a 
correlation time of 3 days) and the variance of the monthly 
means about the fitted empirical model (<x 0 2 , calculated a pos- 
teriori). The residuals defining the latter variance are also cor- 
related, by an amount which may be calculated from an analy- 
sis of the residuals. This correlation is accounted for by in- 
creasing a 0 2 by a factor M(Z 1) to give ff 0 ' z . Thus each 
monthly mean is weighted by 



The effect of this weighting is to give a little less weight to the 
first few months of operation in 1978 (when a m 2 was large) 
and to those months in which only a few acceptable measure- 
ments were possible. Note that the procedure gives zero 
weight to those months in which no observations were possi- 
ble. 

The factor M is determined from the smoothed power spec- 
trum of the residual variability of each individual time series. 
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Fig. 1c. As for Figure la at Ragged Point, Barbados (13°N, 59°W). 
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Fig. id, As for Figure la at Point Matatula, American Samoa (14°S, I7I°W). 


CFCL 3 (S) CAPE GRIM/ TASMANIA JUL81-JUN82 



JUL RUG SEP OCT NOV OEC JflN FEB MRR RPR MAT JUN 



JUL RUG SEP OCT NOV DEC JflN FEB MRR RPR MRT JUN 


Fig. le. As for Figure la at Cape Grim, Tasmania (4l°S, 145°E). 







JUL RUG SEP OCT NOV DEC JflN ^FEB ' MRR RPR MRT JUN 



Fig. la. CFCI, daily means (pplv) and siandard deviations measured on the Porasil column at Adrigole, Ireland (52° N, 
10' W), Tor the period July 1981 to June 1983. Changes of the calibration gas lank are noted on the upper abscissae. 


10,801 


The smoothing was performed using a Parzen window (see, 
for example, Chatfield [1975]) with a bandwidth of approxi- 
mately 2 cycles per year. Since this paper is particularly con- 
cerned with long-term trends in the time series, M is based on 
the power at the lowest frequencies [sec Cunnold et a/., 1983a]. 
Table 4 shows the calculated coefficients for the empirical 
model, together with estimated error bars. The error bars were 
determined directly from the weighted least squares esti- 
mation. Small adjustments were made to the error bars for the 
annual components, corresponding to variation of the power 
spectrum between frequencies of 1 cycle per 5 years and 1 
cycle per year. 

The coefficients c„ b„ etc., correspond to the smoothed 
mixing ratio and trend, etc., at the midpoint of the data 
record. Because the Cape Meares data record is 18 months 
shorter than the others, the coefficients for Cape Meares are 
not directly comparable with those for the other sites. Perhaps 
the best way to view the Cape Meares data is to compare it 
against the portion of the Adrigole record which overlaps in 
time. Table 5 shows that comparison (note that the annual 
cycle terms are referenced to June 15 in all the time series). 

Table 4 indicates a monotonic decrease of fluorocarbon 
mixing ratio with latitude, starting at the northern hemisphere 
mid-latitude sites, and trends which are consistent from site to 
site and, in fact, almost equal when expressed in units of pptv 
per year (except perhaps for CFC1 3 (S) at Samoa). (In this 
paper the letter S indicates the silicone column and the letter 
P the Porasil column.) Consistent seasonal cycles of the fluo- 
rocarbons exceeding 1<7 in the background noise are found at 
Adrigole, Cape Meares, and Samoa (with amplitudes less than 


I ppt for CFCIj and less than 2 ppt for CF 3 CI 3 ) and Barbados 
continues to exhibit an insignificant annual cycle. Maximum 
concentrations associated with the seasonal cycle occur in Oc- 
tober at Adrigole, November at Cape Meares, and in Febru- 
ary in Samoa. 

Table 5 indicates that CFCI, and CF 3 C1 3 concentrations 
are approximately 1% higher at Adrigole than at Cape 
Meares. We ascribe this difference to a slight increase in the 
base level at Adrigole due to a combination of its proximity to 
local sources of emission, the effect of which has not been 
entirely removed by filtering, and to a longitudinally nonuni- 
form distribution produced by fluorocarbon releases in North 
America. 

Table 4 also indicates that at the end of 1980, CFC1 3 in the 
lower atmosphere was increasing at an annually averaged rate 
of 9.0 ppt per year and 1 year later was increasing at 8.8 ppt 
per year. The globally averaged mixing ratio in the lower 
atmosphere on January 1, 1981, is estimated to have been 
1 77.5 ppt, thus implying that the rate of increase was 5.1% per 
year at that time. Also at that time, CF 3 CI 3 was increasing at 
15.3 ppt per year (and at the same rate I year later). For a 
CFjC 1 3 mixing ratio of 300.4 ppt this implies a rate of increase 
for CFjCIj of 5.1% per year, equivalent to that of CFC1 3 . 

3. Updated Lifetime Estimates by the Trend 
Technique 

The observed time series of fluorocarbons at each ALE site 
have been modeled by a nine-box two-dimensional model of 
the atmosphere ICunnold el ai, 1983a]. This model contains 
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Fig. 26. As for Figure 2 a at Cape Meares, Oregon (45°N, 124°W). 



Fig. 2c. As for Figure 2 a at Ragged Point, Barbados (13°N, 59° W). 
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Fig. 2d. As for Figure 2 a at Point Matatula, American Samoa (14°S, I71°W). 
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Fig. 2e. As for Figure 2a at Cape Grim, Tasmania (41 ‘S, 145°E). 
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Fig. 3a. CFjOj daily means (pptv) and standard deviations measured on the Porasil column at Adrigole, Ireland (52°N, 
10*W), for the period July 198 1 to June 1983. Changes of the calibration gas tank are noted on thc-upper abscissae. 


fixed vertical mixing times and horizontal mixing times which 
have been fitted to the mean observed latitudinal gradients of 
CFClj and CFjCIj. In the following results the horizontal 
transport factor F was calculated to be 1.6 (the same value 
used in analyzing the 3-year data set). This adjustment of the 
horizontal transport should ensure that the effect of transport 
on the trends at the ALE sites will be simulated by our model 
(unless the atmosphere exhibits a systematic change in trans- 
port rates over the 5-year period). The specification of the 
model is completed by prescribing atmospheric release rates, 
including their latitudinal distribution, and a destruction rate 
for fluorocarbons in the atmosphere. Assuming the atmo- 
spheric release rates are known, the destruction rate can be 
adjusted (that is, estimated) so as to provide an optimal fit to 
the ALE data. 

The Chemical Manufacturers Association has compiled esti- 
mates of the annual emissions of fluorocarbons in a series of 
reports, including Chemical Manufacturers Association (CM A) 
[1983], which contains estimates of the emissions through 
1982. In estimating the worldwide emissions for 1983, CMA 
[1984] broke with previous tradition and declined to estimate 
the emissions in the USSR and Eastern Europe because of the 
considerable uncertainty about the emissions there in recent 
.years. In 1982 the emissions in the USSR and Eastern Europe 
were estimated at approximately 6% of the worldwide total 
for CFClj and 20% for CFjCIj. The uncertainty in this por- 
tion of the global emissions is expected to have a significant 
impact on the CF 2 CI 2 lifetime estimate but only a small effect 
on the CFClj lifetime. Because of the smaller contribution to 
the worldwide emissions, we shall first report lifetime esti- 


mates obtained by assuming that the percentage increase of 
fluorocarbon releases in 1983 in the USSR and Eastern 
Europe are similar to the percentage increases in emissions 
estimated for the rest of the world. This assumption about the 
1983 emission has a negligible effect on the lifetime estimates, 
since it impacts only 6 months of our data; this result is 
referred to as that corresponding to the CMA [1983] releases, 
which included estimates of the USSR and Eastern European 
releases for the years prior to 1983. The release estimates for 
the rest of the world giv^n by CMA [1984] will be used to 
assess the effect of the uncertainties in the releases in the 
USSR and Eastern Europe. 

The latitudinal distribution of releases, which primarily af- 
fects our estimates of global circulation rates (for example, the 
factor F) is similar to that assumed by Cunnold et al. [1983a, 
6], Thus for CFClj we assume that throughout the 5-ycar 
period the global release is distributed in the proportions 
0.785, 0.160, 0.031, and 0.024 in the 90' , -30°N, 30°N-0°, 0°- 
30°S and 30°-90°S semihemispheres, respectively. For CFjCIj 
the proportions assumed are 0.789, 0.141, 0.038, and 0.032, 
respectively 

The two-dimensional model of atmospheric transport is de- 
scribed by Cunnold et al. [1983a], This model can, at best L 
only be expected to simulate the annual cycle at each site and 
the variations in fluorocarbon concentrations from year to 
year produced by the annually averaged emissions. In fact, we 
find that although the seasonal cycle is well simulated at some 
sites (for example, Samoa), it is significantly overpredicted at 
others (for example, Barbados). Thus the variance of the time 
series residuals arc not reduced by including the seasonal cycle 
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Fig. 3 £>. As for Figure 3a at Cape Meares, Oregon (45°N, 124“W). 
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Fig. 3c. As for Figure 3a at Ragged Point, Barbados (13”N, 59“W). 
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Fig. id. As for Figure 3a at Point Matatula, American Samoa (14*S, 171'W). 





Fig. it. As for Figure 3 a at Cape Grim, Tasmania (4t”S, 145°E). 
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1978 1979 1980 190 ] 1982 1983 

Fig. 4. Monthly means and standard deviations for 5 years of CFCIj (S) at the five ALE sites. 


in the two-dimensional model. Therefore even this cycle in the 
^ model is removed, using a 12-month running mean filter, 
before the model is applied to the determination of lifetimes. 

The lifetime estimates produced in this section of the paper 
are based on long-term trends in the time scries. Yet the two- 
dimensional model does not, for example, simulate the effect 


of variations in atmospheric transport rates between one year 
and another. In order to produce unbiased estimates of the 
lifetimes of the fluorocarbons and expected uncertainty limits, 
the residual variability of each time series should be examined 
and modeled. 

Figure 7 shows the average of eight smoothed, normalized 
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1978 1979 I960 1981 1982 1983 

Fig. 5. Monthly means and standard deviations Tor 5 years of CFCIj (P) at the five ALE sites. 

power spectra corresponding to the time series residuals for individual low frequencies may be inadequately characterized 

CFCIj after removal of the variation at each site, described by by 5 years of data. Prior to calculation of the average, each 

a single, best fit two-dimensional model calculation. The re- individual spectrum was normalized such that 
sidual trends were not removed prior to calculation of the 

power spectra. This ensures that the power spectra contain all P(w) dw = I 

the unresolved variability, even though the contributions at 
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Fig. 6. Monthly means and standard deviations for 5 yean of CF 2 C1 2 at the five ALE sites. 


where w 0 ■* 2n/2 months. The average standard deviation of 
the residuals is 1.4 ppt for CFC1, (S), 1.2 ppt for CFC1, (P), 
and 2.7 ppt for CF 2 C1 2 . The error bars at selected periods in 
Figure 7 indicate the range of variation covered by the eight 
individual spectra (± Iff). The smoothing used gives predicted 


uncertainty limits on an individual spectrum of approximately 
±20%, corresponding to a smoothing bandwidth of 0.9 cycles 
per year [e.g., Chatfield, 1975]. Since the error bars are con- 
siderably wider than ±20% at periods shorter than 1 year, 
the individual spectra appear to be significantly different from 
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TABLE I. Monlhly Averaged CFCIj (Silicone Column) Mixing ralios y, Their Standard Deviations tr„, and the Number of Measurements 
During Each Month (N ), Determined From Measurements at the Five ALE Sites Over the Period July 1981 Through June 1983 

Adrigole. Cape Mcarcs, Ragged Point, Point Matatula, Cape Grim, 

Irctand Oregon Barbados American Samoa Tasmania 


Month 

X. 

pptv 

ppiv 

S 

X- 

pplv 

pptv 

N 

X. 

pptv 

pptv 

N 

X. 

pptv 

pptv 

N 

X. 

pptv 

pplv 

N 

July 1981 

191.4 

1.6 

125 

189.9 

1.3 

116 

186.2 

1.4 

76 

175.4 

1.7 

71 

174.3 

0.8 

54 

Aug. 1981 

193.6 

1.5 

118 

190.9 

1.6 

111 

186.4 

3.0 

95 

177.5 

l.l 

103 




Sept. 1981 

195.9 

2.6 

97 

193.2 

l.l 

89 

186.8 

2.8 

95 

179.9 

1.8 

75 

174.5 

l.l 

80 

Oct. 1981 

197.6 

1.5 

59 

195.5 

1.7 

112 

187.4 

2.1 

123 

179.9 

1.2 

92 




Nov. 1981 

198.0 

2.1 

85 

196.2 

1.0 

81 

188.4 

1.7 

no 

180.9 

1.4 

64 

176.2 

0.9 

77 

Dec. 1981 

198.6 

1.9 

87 

196.7 

1.2 

104 

189.0 

1.2 

108 

1813 

1.4 

87 

176.3 

0.5 

76 

Jan. 1982 

195.1 

3.2 

85 

195.0 

1.3 

103 

190.5 

1.2 

104 

183.2 

1.3 

65 

177.2 

0.8 

89 

Feb. 1982 

195.4 

2.4 

100 

195.1 

1.6 

62 

190.9 

0.9 

68 

183.1 

1.6 

64 

178.0 

0.7 

86 

March 1982 

196.3 

2.1 

83 

196.3 

1.3 

99 

191.3 

1.0 

NO 

182.2 

1.2 

62 

179.1 

1.1 

96 

April 1982 

196.9 

2.3 

69 

197.7 

1.1 

112 

192.5 

1.0 

119 




180.2 

1.0 

89 

May 1982 

197.8 

1.8 

40 

197.5 

1.2 

61 

193.5 

1.1 

123 




181.2 

1.2 

76 

June 1982 

197.7 

1.8 

87 

197.7 

1.0 

no 

194.0 

LI 

118 

185.2 

1.4 

19 

183.4 

0.7 

107 

July 1982 

198.3 

2.3 

69 

198.0 

1.2 

91 

195.4 

1.2 

49 

184.9 

1.4 

108 

184.1 

0.8 

106 

Aug. 1982 

198.4 

1.5 

114 

198.0 

1.2 

120 

198.1 

1.4 

83 

185.7 

1.9 

113 

184.8 

0.9 

86 

Sept. 1982 

199.9 

2.0 

110 

199.0 

2.1 

68 

197.5 

10 

115 

185.9 

1.2 

105 

185.7 

0.6 

93 

Ocl. 1982 

203.3 

1.5 

97 

201.9 

1.6 

75 

197.3 

2.0 

71 

186.7 

1.0 

118 

186.5 

0.6 

117 

Nov. 1982 

204.4 

1.4 

111 

204.2 

1.6 

89 

199.1 

1.5 

f20 

186.1 

0.7 

95 

187.6 

0.6 

102 

Doe. 1982 

204.4 

2.0 

125 

204.6 

1.2 

61 

200.4 

1.4 

151 

186.5 

0.7 

86 

188.0 

0.5 

114 

Jan. 1983 

202.9 

1.2 

82 

204.8 

2.0 

114 

200.5 

1.2 

130 

187.4 

0.7 

60 

188.4 

0.6 

111 

Feb. 1983 

204.9 

1.7 

65 

204.6 

1.0 

81 

199.9 

1.2 

122 

189.6 

1.2 

90 

188.9 

1.2 

86 

March 1983 

205.2 

1.4 

122 

206.4 

1.6 

87 

200.3 

1.1 

122 

191.0 

1.0 

88 

187.8 

0.8 

no 

April 1983 

207.4 

1.6 

92 

208.6 

1.4 

102 

2016 

1.1 

133 

191.3 

1.0 

100 

188.5 

0.9 

87 

May 1983 

209.0 

2.0 

103 

209.7 

1.2 

92 

201.9 

l.l 

126 

192.5 

0.9 

117 

189.4 

0.7 

80 

June 1983 

209.0 

2.2 

91 

211.7 

1.5 

119 

202.2 

1.6 

132 

193.4 

l.l 

104 

190.3 

0.4 

93 


one another on these time scales, corresponding, for example, A comparison of the CFCI, residuals on the two different 


to meteorological variability associated with the different sites 
(see, for example, Prather, [1985]). On the other hand, at 
periods longer than 1 year, where the range of variation is 
approximately ± 20%, the spectra may be similar (and of the 
same physical origin). 


chromatographic columns at each site strongly suggests that a 
substantial portion of this long-term (>I year) variability is 
produced by the measurement system (that is, the combi- 
nation of the HP5840As and the calibration procedures). It 
was therefore decided to model this measurement noise with a 


TABLE 2. Monlhly Averaged CFCIj (Porasil Column) Mixing ralios /, Their Standard Deviations <x„. and the Number of Measurements 
During Each Month (N). Determined From Measurements at the Five ALE Sites Over the Period July 1981 Through June 1983 


Month 

Adrigole, 

Ireland 


Cape Meares, 
Oregon 

Ragged Point. 
Barbados 

Point Matatula, 
American Samoa 

Cape Grim. 
Tasmania 

X- 

pptv 

"m- 

pplv 

N 

X- 

pplv 

*«• 

pplv 

N 

X. 

pptv 

a m% 

ppiv 

N 

X- 

pplv 

a m , 

pptv 

N 

X- 

pptv 

pplv 

N 

July 1981 

192.0 

2.5 

101 

189.8 

3.6 

114 

184.9 

1.8 

58 

176.0 

3.2 

74 

175.3 

1.6 

52 

Aug. 1981 

194.8 

3.0 

80 

190.3 

3.6 

112 

185.0 

2.8 

72 

177.8 

2.3 

101 




Sept. 1981 

197.3 

3.4 

65 

1911 

3.6 

94 

185.9 

2.5 

75 

180.3 

2.9 

68 

175.7 

2.3 

79 

Ocl. 1981 

197.5 

2.7 

43 

194.3 

2.8 

112 

186.3 

2.5 

94 

181.6 

2.3 

92 

176.4 

2.2 

72 

Nov. 1981 

199.1 

3.0 

70 

195.8 

16 

76 

187.8 

2.2 

81 

1X3.2 

2.3 

60 

177.2 

1.7 

105 

Dec. 1981 

199.9 

3.5 

68 

195.6 

2.7 

105 

1X8.2 

1.6 

X4 

184.2 

2.5 

94 

178.0 

1.2 

84 

Jan. 1982 

196.4 

2.9 

66 

194.1 

1.8 

108 

189.X 

1.5 

76 

1X4.1 

2.1 

66 

178.5 

1.3 

97 

Feb. 1982 

196.9 

2.4 

78 

194.6 

2.1 

60 

190.1 

1.4 

56 

183.5 

1.9 

61 

179.2 

1.5 

92 

March 1982 

198.3 

2.6 

71 

195.2 

2.5 

98 

190.2 

1.2 

81 

182.0 

1.3 

65 

180.6 

1.6 

79 

April 1982 

200.1 

3.1 

59 

196.7 

2.4 

113 

190.8 

1.9 

82 




180.8 

1.6 

94 

May 1982 

199.2 

3.6 

34 

196.6 

2.5 

61 

1912 

1.6 

95 



... 

180.9 

1.4 

68 

June 1982 

198.3 

1.9 

76 

196.6 

3.2 

114 

193.7 

1.3 

86 

184.4 

1.6 

12 

182.1 

Li 

NO 

July 1982 

198.1 

3.1 

60 

196.6 

3.1 

92 

194.6 

1.2 

46 

184.6 

15 

104 

182.7 

1.0 

110 

Aug. 1982 

199.0 

2.0 

92 

197.3 

15 

117 

196.8 

2.3 

69 

185.6 

3.7 

100 

183.6 

1.1 

89 

Sept. 1982 

200.3 

15 

87 

198.4 

16 

65 

196.7 

13 

85 

186.0 

1.8 

104 

184.2 

1.0 

97 

Oct. 1982 

203.5 

12 

79 

201.0 

10 

71 

196.6 

13 

53 

1861 

1.4 

117 

186.0 

1.2 

107 

Nov. 1982 

204.6 

10 

88 

202.3 

13 

64 

197.6 

11 

94 

186.7 

U 

101 

187.2 

1.0 

97 

Dec. 1982 

204.6 

13 

100 

202.7 

11 

67 

199.5 

1.9 

104 

187.4 

1.3 

94 

187.4 

0.9 

112 

Jan. 1983 

203.1 

1.7 

71 

2011 

11 

117 

199.1 

1.3 

101 

187.6 

1.2 

62 

188.0 

1.1 

111 

Feb. 1983 

204.5 

1.5 

53 

2017 

2.0 

87 

199.2 

1.2 

90 

190.5 

12 

92 

188.4 

1.2 

79 

March 1983 

204.8 

1.7 

98 

203.7 

17 

83 

199.1 

1.2 

96 

1910 

2.6 

83 

189.0 

1.2 

111 

April 1983 

207.0 

1.9 

72 

205.2 

1.8 

91 

201.2 

1.2 

90 

193.0 

18 

99 

189.5 

1.2 

87 

May 1983 

208.9 

14 

84 

205.6 

2.0 

97 

200.8 

1.3 

91 

193.1 

16 

109 

190.1 

1.0 

83 

June 1983 

209.4 

17 

78 

207.6 

2.1 

98 

201.0 

1.5 

90 

194.5 

12 

99 

190.8 

1.0 

86 
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TABLE 3. Monthly Averaged CF 2 C1 2 Mixing ratios y, Their Standard Deviations o m , and the Number of Measurements During Each 
Month (N), Determined From Measurements at the Five ALE Sites Over the Period July 1981 Through June 1983 

Adrigole, Cape Meares, Ragged Point, Point Matatula, Cape Grim, 

Ireland Oregon Barbados American Samoa Tasmania 


Month 

X, 

pptv 

pplv 

N 

X . 

pptv 

pptv 

N 

X. 

pplv 

*«. 

pptv 

S 

X. 

pptv 

pptv 

N 

X. 

pptv 

pptv 

N 

July 1981 

322.7 

3.6 

101 

320.7 

2.4 

107 

314.6 

1.7 

58 

296.8 

3.7 

66 

294.8 

1.4 

55 

Aug. 1981 

326.8 

2.8 

86 

323.4 

2.5 

105 

315.4 

4.7 

72 

300.8 

4.1 

102 

... 



Sept. 1981 

329.2 

3.5 

68 

326.7 

2.7 

84 

318.3 

4.2 

75 

304.2 

3.0 

64 

297.3 

1.4 

78 

Oct. 1981 

331.4 

2.1 

43 

330.0 

3.2 

101 

319.6 

3.6 

94 

303.7 

3.1 

87 

297.6 

2.1 

76 

Nov. 1981 

334.0 

2.8 

70 

330.0 

2.2 

67 

320.8 

3.1 

81 

305.3 

4.3 

52 

299.2 

1.0 

91 

Dec. 1981 

335.3 

3.2 

68 

330.4 

3.0 

100 

317.6 

2.0 

84 

308.0 

3.8 

84 

300.2 

1.0 

82 

Jan. 1982 

331.0 

3.4 

66 

330.0 

2.0 

100 

320.5 

1.7 

76 

310.6 

3.7 

64 

301.4 

1.0 

97 

Feb. 1982 

332.5 

2.8 

78 

330.7 

2.6 

54 

321.4 

1.3 

56 

311.8 

5.6 

57 

302.4 

l.l 

89 

March 1982 

334.1 

3.0 

71 

332.2 

1.9 

91 

322.2 

1.7 

82 

311.2 

5.1 

52 

304.7 

1.4 

84 

April 1982 

337.0 

3.3 

59 

333.4 

1.7 

99 

326.9 

1.6 

84 




306.0 

1.0 

92 

May 1982 

335.6 

3,5 

34 

333.5 

1.9 

58 

328.0 

1.9 

95 




306.4 

1.6 

63 

June 1982 

341.3 

3.4 

77 

334.6 

1.7 

113 

330.8 

1.8 

86 

314.5 

1.8 

11 

309.5 

1.0 

109 

July 1982 

342.2 

3.9 

58 

335.0 

2.2 

97 

331.8 

2.0 

46 

314.5 

2.7 

91 

311.0 

1.1 

109 

Aug. 1982 

344.4 

2.8 

92 

336.6 

2.4 

116 

332.9 

2.7 

69 

316.7 

3.0 

99 

312.6 

1.4 

88 

Sept. 1982 

347.7 

3.2 

87 

340.0 

3.2 

53 

332.6 

3.0 

87 

317.0 

3.8 

92 

313.4 

0.9 

94 

Oct. 1982 

350.7 

2.8 

79 

342.2 

2.8 

68 

332.4 

3.3 

53 

317.7 

1.8 

113 

316.5 

1.2 

107 

Nov. 1982 

352.3 

2.8 

88 

344.6 

2.5 

87 

335.2 

3.0 

94 

319.7 

1.1 

101 

318.8 

1.1 

97 

Dec. 1982 

351.3 

3.6 

101 

345.0 

2.4 

62 

341.5 

2.4 

104 

321.0 

1.2 

94 

319.2 

1.0 

112 

Jan. 1983 

349.2 

2.4 

71 

341.8 

3.2 

105 

341.5 

1.7 

101 

322.4 

1.1 

62 

320.1 

1.1 

107 

Feb. 1983 

351.4 

2.7 

53 

342.1 

2.2 

84 

341.1 

1.6 

89 

324.0 

2.2 

87 

322.0 

1.8 

81 

March 1983 

352.7 

2.2 

98 

344.4 

2.6 

8.3 

341.6 

1.7 

96 

324.0 

2.6 

74 

324.0 

1.4 

111 

April 1983 

354.9 

2.7 

74 

345.7 

2.4 

98 

341.6 

1.4 

90 

324.8 

2.7 

98 

325.2 

1.4 

87 

May 1983 

359.7 

2.7 

87 

346.7 

1.7 

90 

341.0 

1.3 

91 

326.3 

2.3 

104 

326.4 

l.l 

80 

June 1983 

358.0 

3.6 

78 

349.8 

2.7 

102 

341.3 

1.8 

90 

329.5 

2.7 

89 

328.0 

1.0 

87 


first-order autoregressive (AR) model. Figure 7 indicates that 
such a model provides an excellent fit to the average power 
spectrum if the autocorrelation of the AR model is 0.5 at a 
time lag of 1 month. 

The complete model describing the fluorocarbon time series 
then consists of three parts: the two-dimensional model, the 
autoregressive model, which essentially accounts for the vari- 
ation of the measured trends about the two-dimensional 
model predictions, and a site-{and species-) dependent model 
describing meteorological variations and measurement errors, 
particularly on time scales shorter than approximately 1 year. 
These last models are needed to account for the uncertainties 
associated with determining the long-term trend in the indi- 
vidual time series. 


Because of a nonlinear dependence of the two-dimensional 
model on the lifetime t, the estimation procedure seeks to 
minimize the squares of the deviations^ 



in a weighted least squares sense. Here x(r) and jf(r) are the 
observed and calculated mixing ratios of an individual fluoro- 
carbon at a particular site, l/r 0 is the inverse of the lifetime 
(“inverse lifetime”) assumed in the two-dimensional model 
computation, and a and 1/r are the absolute calibration factor 


TABLE 4. Empirical Model Fit (Equation (1) With t m = 30.5 Months) to the 5 Years of CFClj and CF 2 Q 2 Data 


Site 

»i 

b, 

4 

t, 


*i 

Variance of 

Residuals 

* 

*0 

Adrigole, Ireland 

187.5 ±0.4 

8.3 ± 0.5 

CFC1 } (S) 
-0.1 ±0.2 

0.1 ±0.1 

-0.2 ± 0.4 

0.5 ± 0.4 

4.3 

Ragged Point, Barbados 

181.2 ± 0.3 

9.1 ± 0.3 

-0.2 ± 0.1 

0.1 ± 0.1 

0.1 ± 0.2 

0.2 ± 0.2 

1.4 

Point Matatula, American Samoa 

171.4 ±0.5 

10.7 ± 0.6 

0.0 ± 0.2 

-0.4 ± 0.1 

-0.3 ± 0.5 

-1.0 ±0.5 

5.7 

Cape Grim, Tasmania 

169.3 ± 0.3 

8.9 ± 0.3 

-0.3 ± 0.1 

0.2 ± 0.1 

-0.2 ±0.2 

0.6 ± 0.2 

1.4 

Adrigole, Ireland 

188.4 ±0.6 

8.6 ± 0.5 

CFC/j(P) 
-0.3 ± 0.2 

0.0 ± 0.2 

-0.3 ± 0.5 

0.3 ± 0.5 

4.4 

Ragged Point. Barbados 

180.5 ±0.3 

8.7 ± 0.4 

0.0 ± 0.3 

00±0.l 

0.0 ± 0.3 

0.3 ± 0.3 

2.0 

Point Matatula, American Samoa 

172.2 ±0.4 

9.9 ± 0.5 

-0.4 ± 0.2 

-0.1 ± 0.1 

-0.3 ± 0.4 

-0,7 ± 0.4 

3.9 

Cape Grim, Tasmania 

1 70.0 ± 0.2 

8.8 ± 0.2 

-0.5 ±0.1 

02 ±01 

-0.1 ± 0.2 

0.1 ±0.2 

0.8 

Adrigole, Ireland 

318.3 ± 0.4 

15.0 ±0.5 

CF 1 Cl 1 
-05 ± 0.2 

0.6 ± 0.1 

-0.7 ± 0.4 

1.5 ±0.4 

3.2 

Ragged Point, Barbados 

305.7 ± 0.5 

15.9 ± 0.6 

0.0 ± 0.2 

0.0 ± 0.2 

0.0 ± 0.5 

0.9 ± 0.5 

6.0 

Point Matatula, American Samoa 

292.8 ±0.6- 

14.9 ± 0.7 

-0.9 ± 0.2 

0.3 ± 0.2 

-0.8 ± 0.5 

-1.7 ±0.6 

6.9 

Cape Grim, Tasmania 

286.2 ± 0.4 

14.8 ± 0.4 

0.0 ± 0.1 

0.4 ±0.1 

-0.1 ± 0.3 

0.1 ±0.3 

2.7 


Values are in units of parts per trillion per volume. 
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TABLE 5. Comparison of the Empirical Model Coefficients at Adrigole and Cape Meares for the 
Period December 1979 to June 1983 for CFC1 2 and for the Period November 1980 to June 1983 for 

cf 2 ci 2 


Site 


ft, 

d, 

Cl 


Variance of 
Residuals, 




CFCI^S) 




Adrigole, 

Ireland 

193.2 ± 0.7 

8.1 ±0.7 

0.2 ± 0.4 

-0.3 ±0.7 

0.4 ± 0.7 

4.3 

Cape Meares, 
Oregon 

192.2 ± 0.6 

8.4 ± 0.5 

0.9 ± 0.5 
CFC/j(P) 

-0.5 ±0.6 

0.5 ± 0.6 

3.6 

Adrigole, 

Ireland 

194.2 ± 0.8 

8.1 ±0.9 

-0.2 ± 0.4 

-0.3 ± 0.8 

-0.1 ± 0.8 

4.4 

Cape Meares, 
Oregon 

191.6 ±0.4 

8.2 ± 0.3 

0.2 ± 0.3 
cf 2 o 2 

-0.7 ± 0.4 

0.5 ± 0.4 

1.5 

Adrigole, 

Ireland 

335.5 ± 0.8 

16.6 ± 0.8 

11 ±0.7 

- 1.0 ± 0.6 

1.4 ± 0.6 

3.2 

Cape Meares, 
Oregon 

331.7 ±0.3 

14.3 ± 0.5 

-0.8 ±0.5 

-1.2 ±0.4 

1.1 ± 0.4 

1.3 


Values are in units of parts per trillion per volume; („ = 39.5 months for CFCI,; t m = 44.5 months for 
CFiCI,. 


and the inverse lifetime which are being estimated. The partial 
derivatives are calculated in the two-dimensional model. Each 
month’s squared deviation from (3) is inversely weighted by a 2 
(from equation (2)) plus a, 1 , which describes the low-frequency 
energy in the power spectrum of the autoregressive model. 
After an estimate of I/t has been obtained from the entire 
60-month data set, the estimation is repeated with revised 
values of x[t), obtained from a new two-dimensional model 
calculation which used the latest estimate of 1/r. 

In addition to an all-station lifetime estimate, estimates for 
individual time series were also calculated. In these calcula- 
tions the two-dimensional model results were fixed, based on 
that lifetime which provides the best fit to all the time series. 
The individual site lifetime estimates are thus determined 
using the partial derivatives. The resulting lifetime estimates 
are given in Table 6. They may be approximately linearly 
combined to produce the all-site lifetime estimate. 

The 5-year data shows clear evidence of slightly higher fluo- 
rocarbon concentrations at Adrigole than at Cape Meares. 
This difference can produce spurious trends in the combined 
data for mid-latitudes of the northern hemisphere because of 
the incomplete record at Cape Meares. This difference was 
ignored by Cunnold et al. [1983a, ft] because it was not judged 
to be statistically significant based on 19 (or fewer) months of 
data. The averages of the differences (which are persistent) 
over the months during which observations were made at 
both sites are 0.3 ppt (0.2%) for CFClj(S), 2.1 ppt (1.2%) for 
CFCI,(P) and 5.5 ppt (1.6%) for CF 2 C1 j (these numbers may 
be derived from Table 5 if allowance is made for the effect of 
d, on the mean). The combined Adrigole/Cape Meares record 
is obtained by averaging the monthly data after reducing the 
Adrigole data and increasing the Cape Meares data by one- 
half of these differences. This procedural change is the prin- 
cipal reason for the differences between the “3-year" lifetime 
estimates shown in Tables 6 and 7 and those given by Cunnold 
et al. [1983a, b\ 

The lifetime estimates vary from site to site but do not 
exhibit a systematic latitudinal tendency. In order to place a 
lower bound on how much of this variation is of instrumental 


origin, the differences between the CFC’s inverse lifetime esti- 
mates on the silicone and Porasil channels were examined. A 
standard deviation of 0.003 year -1 is calculated, which may 
be compared against a standard deviation in the eight inverse 
lifetime estimates for the four sites and two columns, also of 
0.003 year -1 . Thus most of the long-term differences between 
the CFCIj measurements and the two-dimensional model re- 
sults is probably of instrumental origin. 

It is useful to examine the convergence of the individual site 
lifetime estimates using 3 and 5 years of data. The average 
power spectrum of the residuals (Figure 7) suggests that the 
spectrum is flattening out at periods longer than approxi- 
mately 2 years and that it may therefore be possible to extra- 
polate the effect of measurement errors on uncertainties in the 



OSCILLATION PERIOD (MONTHS) 

Fig. 7. The smoothed power spectrum of CFC1, residuals with 
respect to the two-dimensional model. The vertical lines indicate ± 1 
standard deviation produced by the eight spectra. The power spectra 
have been normalized to give an integral with respect to frequency 
(radians/month) of 0.5. The full line is a first-order autoregressive 
model fit to the spectrum with a correlation of 0.5 after 1 month. 
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TABLE 6. Lifetime Estimates for CFClj and CF 2 C1 2 Derived From Trends in 5 Years of ALE Data at 

Each Site 





Approximate Weight 


Reciprocal 


Given to Site 


Lifetime, 

Lifetime, 

in Optimal Estimate 


years - ’ ± 1 o years ± la 

of Lifetime 


CFCIy Silicone Column 



Adrigole, Ireland/ 

0.017 ±0.004 

59; !i 

0.24 

Cape Meares, Oregon 
Ragged Point, Barbados 

0.009 ± 0.003 

in;;: 

0.29 

Point Matatula, American Samoa 

0.016 ±0.004 

«;i? 

0.17 

Cape Grim, Tasmania 

0.011 ±0.003 

90;>? 

0.30 


CFCIy Porasil Column 



Adrigole, Ireland/ 

0.017 ± 0.003 

59;: 2 

0.22 

Cape Meares, Oregon 
Ragged Point, Barbados 

0.014 ± 0.003 

72“' 3 

0.27 

Point Matatula, American Samoa 

0.012 ±0.003 

CT“ 16 

0.17 

Cape Grim, Tasmania 

0.012 ±0.002 

Q*“12 

0.34 


Cf 2 C/ 2 



Adrigole, Ireland/ 

0.008 ± 0.005 

125;;:, 

0.24 

Cape Meares, Oregon 



0.25 

Ragged Point, Barbados 

0.015 ±0.005 


Point Matatula, American Samoa 

0.009 ± 0.005 

m;JS. 

0.23 

Cape Grim, Tasmania 

0.004 ± 0.005 

25o;i,” 

0.28 


Error bars for the first 3 years given by Cunnold et al. [1983a, b] do not include allowance for the 
average bias of individual time series, inferred from the variance of the lifetime estimates. 


lifetime estimates for periods longer than 5 years, using a 
white-noise assumption. Since, however, this spectrum has 
been smoothed over a bandwith of approximately 0.9 cycles 
per year, this conclusion has been tested using the individual 
site results. The variance of the CFClj inverse lifetime esti- 
mates after 3 years of data is .36 x 10 '* year 2 and after 5 
years of data it is 7 x 10 " year 1 (ef. Table 6). If the noise is 
white, the ratio of these variances should be 5'V-V' = 4.6. Thus 
these results also suggest that the measurement errors may be 
described by a white-noise spectrum at periods beyond ap- 
proximately 3 years. 

In Table 6 the values indicated as the approximate weights 
given to individual stations do not vary much, although less 
than average weight is given to Point Matatula and more than 
average weight to Cape Grim. The combined lifetime esti- 
mates, which are given in Table 7, should therefore be com- 
pared principally against the average lifetime estimates given 
by Cunnold et al. [1983a]. Table 7 shows that the 5-year data 
set indicates a lifetime for CFClj in 1980, based on its tempo- 
ral trend, of 75 years. On the basis of our two-dimensional 
model calculations this corresponds to a steady state lifetime 
of 63 years; this result (as well as the 3-year result) is in 
excellent agreement with the CFClj lifetime resulting from 
stratospheric photodissociation calculated by Owens et al. 
[1982], Ko and Sze [1982], and Fraser ef al. [1983]. 

There is a substantial change in the lifetime estimate for 
CFjCIj, from an indeterminately long lifetime estimated from 
the first 3 years of data to a lifetime shorter than that expected 
to be produced by stratospheric photodissociation. Note, 
however, that the error bars are substantial. Moreover, in the 
work by Cunnold et al. [1983b] we commented on inconsist- 
encies between the estimated emissions for CF 2 C1 2 and the 
year-to-year variations found in the CF 2 C1 2 measurements. 
Since CF 2 C1 2 should be even more stable than CFClj, it is 
most likely, based on the long lifetimes exhibited by the ALE 
results, that the only sink of QF 2 CI 2 in the atmosphere is 


photodissociation in the stratosphere and that the variability 
in the CF 2 C1 2 lifetime estimates over the ALE measurement 
period is caused by differences between the estimated and the 
actual emissions of CF 2 C1 2 into the atmosphere. These differ- 
ences are probably related to the almost unknown emissions 
of CF 2 CI 2 in the USSR and Eastern Europe; it should be 
noted, moreover, that the relative proportion of world pro- 
duction in that region is believed to be substantially higher for 
CFjCIj than for CFClj [CAM, 1983], The lifetime uncer- 
tainties given in Table 7 reflect the differences between the 
ALE observations and the two-dimensional model results. 
They thus allow for year-to-year differences between estimated 
and actual emissions. They do not, however, account for 
biases in the trends of atmospheric release of fluorocarbons 
which might be produced by gross uncertainty in the emis- 
sions in the USSR and Eastern Europe. 

At the current time there is significant uncertainty about the 
absorption cross section of molecular oxygen. This affects the 
penetration of solar ultraviolet radiation into the middle and 
lower stratosphere and hence the calculated photodissociation 
rates and lifetimes or the fluorocarbons. Ko and Sze [1982] 
have calculated that the Herman and Mentall [1982] cross 
sections produce a change in the steady state lifetime of CFClj 


TABLE 7. Combined Lifetime Estimates by the Trend Technique 



1976-1981 


1978-1983 

Species 

1/t 

r, years 

l/t 

r, years 

CFClj (S) 
CFClj (P) 

0.012 ± 0.004 
0.010 ± 0.003 

ioo;;j 

0.013 ± 0.002 
0.014 ± 0.001 

•4 *4 
— -4 
1 ♦» ♦ 
*- 

CF 2 CI 2 

-0.003 ± 0.004 

1000 

oo 

0.009 ± 0.002 

IHiao 


Error bars include measurement errors but not uncertainties in 
release. 
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TABLE 8. Emission Estimates for CFC1 3 


12-Mon(h Period 
(July 1 to June 30) 

CMA [1983] Estimate 
(World Total) 

ALE Estimate 

CFCij (S) 

CFCij (P) 

1978-1979 

285 

255 + 31 

291 t 28 

1979-1980 

270 

266 ± 22 

264 ± 22 

1980 1981 

265 

271 t- 17 

271 + 26 

1981-1982 

262 

258 + 18 

248 + 16 

1982 1983 

266 

265 ± 35 

259 + 23 


Estimates are given in million kilograms per year. 


in a one-dimensional model from 73 to 56 years and of 
CF,CIj from 133 to 115 years. Another study, by Jackman and 
Guthrie [1985], indicates that the 1980 lifetime of CFGj 
would change from 67 to 47 years and, for CF 2 CI 2 , from 154 
to 118 years. These changes correspond to approximately la 
in our CF 2 CI 2 results and to approximately 2 <t in the CFCij 
results. The CFCij results favor the original oxygen cross sec- 
tions, while the CFC1 2 results (less strongly) favor the Herman 
and Mentall [1982] results. Considering this ambivalence in 
our results and the variation in lifetime calculations by differ- 
ent investigators and between models of different dimensions, 
we conclude that the trend lifetime estimates are currently 
consistent with both sets of molecular oxygen cross sections. 

4. Atmospheric Inventory of Fluorocarbons 
The total atmospheric content of CFCI 2 and CF 2 CI 2 may 
be estimated by combining the measured concentrations in the 
lower troposphere with model results to fill in the con- 
centrations in the rest of the atmosphere. Using the measured 
mixing ratio of CFCij on January 1, 1981, of 177.5 ppt and a 
model-determined factor of 0.915 [Cunnold et al„ 1983a] gives 
a globally averaged mixing ratio of 162.4 parts per trillion by 
volume (pptv). Assuming an atmospheric mass of 5.137 x 10'* 
kg [ Trenberth , 1981], the global inventory of CFCij on Janu- 
ary I, 1981, is estimattd to have been 3,960 million kg. The 
uncertainty in this estimate due to modeling uncertainties is 
110 million kg (for additional details on the procedure for 
obtaining these estimates, see Cunnold et ai, 1983a). 

A two-dimensional model computation based on a lifetime 
of 75 years on January 1, 1981 (that is, the trend estimate of 
the lifetime) gives a mixing ratio of 178.5 ppt in the lower 
troposphere at that time. The observed mixing ratio, which is 
0.6% smaller, using a model-calculated partial derivative of 
d(In x)/d(l/r) — —4.4, implies an inventory estimate of the life- 
time of 68 years. This is similar to the inventory estimate of 
lifetime of 70 years for January 1, 1980, obtained from the first 
3 years of ALE data [Cunnold et al ., 1983a], 

The measured mixing ratio of CF 2 G 2 on January 1, 1981, 
was 300.4 ppt. For a lifetime of 111 years the model gives a 
factor of 0.93 for determining the globally averaged mixing 
ratio (this is a smaller factor than is given by Cunnold et al. 
[1983b], which was based on a much larger estimate of the 
trend lifetime, giving more CF 2 G 2 in the stratosphere). This 
gives a global inventory of CF 2 G 2 on January 1, 1981, of 
6,000 million kg. The uncertainty in this estimate due to mod- 
eling uncertainties is approximately 130 million kg (la). The 
inventory estimate of the lifetime, based on the worldwide 
emissions given by CMA [1983], is 68 years on January l, 
1981. This is similar to the estimate of 69 years for January 1, 
1980, obtained from the 3-year data set [Cunnold et ai, 
1983b]. 


5. CFCij and CFjClj Annual Emission Estimates 

The ALE data, together with the two-dimensional model, 
may be used to produce a yearly atmospheric budget of fluo- 
rocarbons. If the sink is known, the yearly input into the 
atmosphere (and annually averaged transport rates to be dis- 
cussed in a separate paper) may be estimated. Since the life- 
time estimates for C'FCIj indicate photodissociation is the 
only loss process and since CF 2 Clj should be even more 
stable than CFCij. we shall base our emission estimates on 
the assumption that photodissoeiation is the only loss process 
for both species. The steady state lifetimes assumed in the 
following calculations are 63 years for CFCij, corresponding 
to a current lifetime of 74 years, and 140 years (170 years 
currently) for CF 2 CI 2 , based on Owens et al. [1982], Ko and 
Sze [1982], Golombeck and Prinn [1986], and Jackman and 
Guthrie [1985]. Small errors in the calculated lifetimes will 
affect the average emission level (J) over the five-year period, 
according to the approximate formulae 

AHCFCI,) = 3700 A(l/r) million kg/yr 

-(4) 

A/" (CF 2 G 2 ) = 5900 Al/r million kg/yr 

The impact of such errors on the year-to-year variations in 
emission rates is negligible (roughly, 5% of the sensitivity de- 
scribed by equation (4)). 

On a time scale of 1 year or less, atmospheric variability 
produces significant variations in the measured fluorocarbon 
concentrations. In order to reduce the impact of this varia- 
bility on the emission estimates, we have utilized the empirical 
model results, which constitute a smoothed representation of 
the 5-year data record but which have a sufficient number of 
degrees of freedom to resolve trends on a time scale of ap- 
proximately 1 year. The emission estimation procedure is then 
to use the empirical model results to estimate the fluorocarbon 
concentrations in each of the four semi-hemispheres between 
1000 and 500 mbar and to use the two-dimensional model 
calculations to estimate the proportion of the atmospheric 
fluorocarbon content which is between 500 and 200 mbar and 
that which is in the stratosphere. To utilize the full 5-year 
ALE data record, 12-month periods are used, starting on July 
I each year. 

Table 8 shows the emission estimates. For comparison. 
Table 8 also shows the emissions obtained by taking 2-year 
averages of the annual CMA estimates [CMA, 1983] (this is 
an approximate adjustment for the 6-month time difference 
between the two emission estimates). Error bars on the emis- 
sion estimates are based upon the residuals with respect to the 
single “best fit" two-dimensional model computation. Trends 
in the time series residuals have been estimated for each site 
for each 12-month period. The variance of the trends from the 
“four" sites in any 12-month period is used to provide error 
bars on the emission estimate for that period, on the basis that 
the emission estimate is approximately determined by the 
average of the four trends for the year. The assumption here is 
that the two-dimensional model is able to simulate, and hence 
account for, the expected dependence of the annual trends on 
latitude. 

The results in Table 8 show excellent agreement between 
the CFGj emissions estimated by CMA [1983] and the emis- 
sions inferred from the ALE measurements. This agreement 
extends to the average emission level for CFCij over the 
5-year period; this is consistent with the overburden lifetime 
estimate for CFGj being similar to the trend estimate of life- 
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TABLE 9. Emission Estimates for CF 2 CI 2 


12-Month Period 
(July 1 to June 30) 

CMA Estimate 
(Reporting 
Company Only) 

ALE Estimate 
(World Total) 

ALE -CMA = 
(Estimated Release 
From Nonreporting 
Companies) 

Previous Column 
Adjusted for 
Inventory 
Discrepancy 

1978-1979 

339 

457 ± 67 

118 ±67 

138 

1979-1980 

335 

366 ± 51 

31 ± 51 

48 

1980-1981 

337 

377 ± 29 

40± 29 

58 

1981-1982 

339 

351 ± 33 

12 ± 33 

29 

1982-1983 

34 1 

406 ± 31 

65 ± 31 

84 


Estimates are given in million kilograms per year. 

time. The agreement does not, however, hold for CF 2 C1 2 . 
Since the largest uncertainty in the CF 2 CI 2 emissions prob- 
ably arises from the emissions in the USSR and Eastern 
Europe, Table 9 shows the differences between the ALE emis- 
sion estimates and the emission estimates for the rest of the 
world [CM/4, 1984], Column 4 in Table 9 might therefore be 
interpreted as an estimate of the emissions of CF 2 C1 2 in the 
USSR and Eastern Europe. 

Assuming that the only sink for CF 2 C1 2 is photo- 
dissociation in the stratosphere, with a steady state lifetime of 
140 years, the differences between the releases for reporting 
companies estimated by CMA [1984] and the estimates made 
from the ALE data exhibit several significant features. First, it 
should be noted that our estimate of the atmospheric inven- 
tory of fluorocarbons on January 1, 1981, from the ALE data 
is 6,000 million kg. This may be compared to the inventory 
from the model calculation based on CM A [1983] estimates 
of release of 6,340 million kg. Excluding the unreported emis- 
sions [CM/4, 1984], primarily in Eastern Europe and the 
USSR, gives a model-calculated inventory of 5,930 million kg. 
Thus the ALE-cstimated inventory is only 70 million kg great- 
er than the inventory estimated from the release figures for 
reporting companies only. If the releases in Eastern Europe 
and the USSR had continued at the 1975 level reported by 
Borisenkov and Kasekov [1977], the model-estimated inven- 
tory would be 6,270 million kg. The difference between the 
estimate based on CM A [1983] and the ALE inventory esti- 
mate of 6,000 million kg corresponds to the additional de- 
struction which would result from a lifetime of 68 years (the 
inventory lifetime estimate) relative to an assumed lifetime of 
170 years currently. 

The releases indicated in column 4 of Table 9 suggest that 
the CF 2 CI 2 releases by nonreporting companies between 1979 
and 1982 were roughly similar to those projected by CM A 
[1983]. Assuming that this release scenario also provides a 
reasonable way to project the releases backward in time, there 
then exists an inventory discrepancy of approximately 300 
million kg (5%) between the ALE measurements and the pre- 
dicted releases. 

An absolute calibration error in the ALE experiment could 
account for part of this discrepancy. For example, the mixing 
ratios reported by Bullister and Weiss [1983] were approxi- 
mately 1.5% higher in the vicinity of Adrigole than those 
reported here. This could account for approximately TOO mil- 
lion kg. The extrapolation of lower atmosphere measurements 
to a globally averaged mixing ratio might also contribute ap- 
proximately 100 million kg to this discrepancy, primarily be- 
cause of uncertainty about the stratospheric content. How- 
ever, the inventory agreement found for CFCIj suggests that 
the modeling uncertainty is not this large. The release uncer- 
tainty having the largest impact on the overburden (cf. Table 9 


of Cunnold et al. [19836]) is the effective release time for non- 
hermetically sealed uses of CF 2 C1 2 . A prolongation of the 
release time from 4 to 5 years would reduce the atmospheric 
release of CF 2 C1 2 by approximately 120 million kg. (A change 
in the release time for this use would have little impact on the 
CFCIj budget, since this does not represent a substantial use 
of CFCIj.) A combination of such a change in the release rate 
for CF 2 C1 2 and an absolute calibration error would seem to 
be required to explain the CF 2 C1 2 observations. 

An absolute calibration error would increase the ALE emis- 
sion estimates in Table 9 and a nonhermetically sealed release 
delay error would decrease the release estimates determined 
from production by reporting companies. Internal consistency 
between the release estimates for nonreporting companies and 
the measured atmospheric inventory may be obtained by 
using the estimates in column 5 of Table 9. These estimates 
were obtained by increasing the ALE emission estimates by 
2.5% and decreasing the CMA estimates by 2.5%. Although 
wc consider the release estimates in column 5 to be our best 
guesses, based on an atmospheric lifetime of CF 2 C1 2 (cur- 
rently) of 170 years, it should be recognized that not only do 
these release estimates contain year-by-year random uncer- 
tainties associated with the imprecision in the measurement 
system (as indicated by the error bars given in Tables 8 and 9), 
but the estimates may be biased because of uncertainty about 
how to adjust for the inventory discrepancy. These biases con- 
sist of absolute calibration uncertainties (2%) and model- 
associated uncertainties. As described by Cunnold et al. 
[1983a, 6], the latter uncertainties are estimated to be 1% (la) 
for the troposphere and 2% (la) for the stratosphere, corre- 
sponding to a 10% uncertainty in the content there. Thus 
possible biases in all our release estimates are expected to be 
in the range ± 5%. 

If the current lifetime of CF 2 C1 2 is 118 years [ Jackman and 
Guthrie, 1985], using equation (4), our emission estimates for 
the nonreporting companies would increase by 15 million kg. 
However, such a lifetime would result in a reduction of the 
inventory discrepancy by approximately 100 million kg and 
give a corresponding reduction in the adjusted emissions by 
approximately 6 million kg. Thus using the llermand and Men - 
tall [1982] cross sections for molecular oxygen leads to an 
increase in the emission estimates of column 5 (Table 9) of 
approximately 9 million kg. This would also lead to an in- 
crease in the CFCIj emission estimates, using a lifetime of 47 
years [ Jackman and Guthrie, 1985] of approximately 
29 - 9 = 20 million kg. 

Interpreting the release from nonreporting companies given 
in column 5 of Table 9 as being due to production in Eastern 
Europe and the USSR, the release over the period 1979-1983 
averages 55 million kg/yr and possesses no significant trend. 
On the basis of emissions estimated by CMA [1983], these 
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results could be considered as indicating a growth rate of 18% 
in the USSR and Eastern Europe from 1975 to 1979, followed 
by no growth since that lime. 

The release estimates in Table 8 are based upon the mea- 
sured year-to-year differences in fluorocarbon concentrations. 
Thus just as for the lifetime estimates, release estimates ob- 
tained from several years of data possess substantially more 
accuracy than single-year estimates. Our analysis indicates a 
factor of approximately 2 increase in accuracy for 2-year 
average release estimates and a factor of 4 increase in accuracy 
for 3-year average release estimates. 

Individual year differences shown in Table 9 are worthy of 
mention. The large discrepancy in 1978-1979 possesses a sub- 
stantial error bar because it is primarily the result of the 
upward trend in the measurements at Samoa and Tasmania 
during the first 6 months of operation of the ALE instruments. 
During November 1978, sample loop sizes were changed at 
both of these sites; the sample loop sizes have remained fixed 
since that time and the overall consistency or the trends has 
also been much better (see Figure 6 of Cunnold et al., [1983b]). 
Thus we suspect that the exceptionally large CF 2 C1 2 release 
estimate in 1978-1979 is caused by startup problems for the 
ALE network and is not real. The change in the ALE/CMA 
differences between 1981-1982 and 1982-1983 might be associ- 
ated with the change in business conditions in the USA and 
Western Europe during that period. A similar but smaller shift 
in CFCL 2 usage may be noted in Tabic 8. 

Since the ALE sampled only the surface values of fluorocar- 
bons, some year-to-year variation might be caused by interan- 
nuai variations in the rate of transport of material between the 
lower and the upper atmosphere on a global scale. The time 
for transport between 350 and 100 mbar assumed in our two- 
dimensional model is 4 years. If this time constant is changed 
to 3 years for a period of I year, the change in the tropo- 
spheric mixing ratio may easily be estimated by neglecting the 
effect of any change in the gradient between the troposphere 
and the stratosphere on atmospheric transport. It is calculated 
that the tropospheric mixing ratio would be reduced by ap- 
proximately 0.6% for CF 2 CI 2 and 0.8% for CFC1 3 (which 
possesses a relatively larger vertical gradient between the 
troposphere and stratosphere). Therefore if such a change in 
the vertical transport were to have occurred, the ALE annual 
release estimates would be reduced by approximately 35 mil- 
lion kg for both CFClj and CF 2 CI 2 . Thus year-to-year 
changes in the estimated release rates for nonreporting com- 
panies might be caused by variations in the rale of transport 
of material between the troposphere and stratosphere. On the 
basis of ALE release estimates shown in Tables 8 and 9, it 
would be interesting to see whether there is any meteorologi- 
cal evidence for a small transport change occurring in 1981- 
1982. 

6. Effects of Release Uncertainties 
on Lifetime Estimates 

The principal release uncertainty for CFClj remains the 
rate at which CFClj is emitted by closed-cell foams. As dis- 
cussed by Cunnold el al [1983a], these uncertainties contrib- 
ute 0.005 year ” 1 to the inventory inverse lifetime uncertainty 
and 0.004 year"* to the trend inverse lifetime uncertainty. For 
the trend inverse lifetime the combined uncertainty resulting 
from measurement and release errors is (0.002 1 + 0.004 l ) 1/l = 
0.004; it is clearly dominated by release uncertainties. The 
trend estimate of lifetime, including release uncertainties, is 


74!}} years. The inventory inverse lifetime uncertainty is ob- 
tained by combining the 2% uncertainty in absolute calibra- 
tion with modeling uncertainties and is the same as it was in 
the 3-year data analysis [ Cunnold et al ., 1983o]. The uncer- 
tainty is 0.008 year” 1 and gives upper and lower (It) limits on 
the 68-year inventory lifetime for January 1, 1981, of 149 and 
44 years. Clearly, the trend estimate of the lifetime is more 
precise. 

The principal release uncertainties for CF 2 C1 2 are the re- 
leases in Eastern Europe and the USSR and the rate of release 
from nonhermctically sealed containers. The annual release 
estimates obtained in this paper suggest that a 2<r uncertainty, 
corresponding to 3% and 18% growth in the releases in East- 
ern Europe since 1975, as was assumed by Cunnold et al. 
[19836], is reasonable. Using the other release uncertainties 
described in that Cunnold et al.'s paper [19836] (Table 9), the 
effect of release uncertainties on the trend inverse lifetime is 
±0.006 year” '. This may be combined with measurement un- 
certainties of 0.002 year” 1 to give an uncertainty of (0.002 1 
-l- 0.006 1 ) 1 ' 2 «= 0.006 year”. The trend estimate of lifetime is 
then 1 1 1 lii 2 years. Combining release uncertainties with un- 
certainties in absolute calibration and modeling gives an in- 
ventory inverse lifetime uncertainty of 0.005 years” This cor- 
responds to an uncertainty range for the inventory lifetime of 
51 to 103 years (the 2 o upper limit being 212 years). 

7. Conclusions 

Five years of continuous global ALE data on the con- 
centrations of CFClj and CF 2 C1 2 in the lower atmosphere 
have been analyzed. For January I, 1981, the mean latitudi- 
nally averaged mixing ratios of CFClj and CF 2 C1 2 are 177.5 
pptv and 300.4 pptv, respectively.’ Also, at that time the annu- 
ally averaged rate of increase of the mixing ratios are 9.0 pptv 
per year and 15.3 pptv per year for CFG 3 and CF 2 C1 2 . The 
increases were 8.8 and 15.3 pptv per year, 1 year later. 

The short-term variability (including imprecision) of the 
measurements is approximately 1 %. However, from an analy- 
sis of the residuals with respect to a two-dimensional model of 
the atmosphere and, in particular, from a comparison of 
almost simultaneous measurements of CFClj on two different 
columns of the same instruments, it has been shown that the 
spectrum of the noise in the measurements is dominated by 
periods longer than 1 year. Fortunately, for trend measure- 
ments, at such periods the noise spectrum is found to be ap- 
proximately flat. The determinability of physically induced 
variations in the data is expected to be influenced by this 
noise. Thus for example, we suspect that interannual varia- 
bility in transport is not large enough to be readily evident in 
the data. 

The data is dominated by an almost linear increase in the 
fluorocarbon mixing ratios over the 5-year period. This fea- 
ture has been used to determine the atmospheric lifetime of 
fluorocarbons using the year-by-year increase in the logarithm 
of the mixing ratios, which tends to eliminate absolute calibra- 
tions uncertainties. The trend lifetime for CFClj is calculated 
to be 74 * f, years and 1 1 1 iii 2 years for CF 2 C1 2 . The uncer- 
tainties in these lifetime estimates are dominated by uncer- 
tainties in the rate of release of fluorocarbons into the atmo- 
sphere. 

The atmospheric content of fluorocarbons may be estimated 
from the data when combined with a model which provides an 
estimate of the stratospheric content of fluorocarbons. On 
January 1, 1981, we estimate that there were 3,960 million kg 
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of CFCIj and 6,000 million kg of CF 2 CI 2 in the atmosphere. 
Given the historical record of the releases of fluorocarbons 
into the atmosphere, these figures may be used to provide 
lifetime estimates by the inventory technique. These estimates 
are 68 years for each gas on January 1, 1981. Since the lifetime 
estimates for CFCIj by both the trend and inventory tech- 
niques are in excellent agreement with the calculated lifetime 
for CFCIj due to photodissociation in the stratosphere and 
since CF 2 CI 2 should be an even more stable species, errors in 
the CF 2 CI 2 release estimates are suspected. In fact, the 
CF 2 C1 2 releases are known to be particularly uncertain be- 
cause of inadequate knowledge of the releases in the USSR 
and Eastern Europe. 

The ALE data analysis has been inverted to yield estimates 
of the release of fluorocarbons into the atmosphere, year by 
year, during the 5-year period from mid- 1978 to mid- 1983. 
These calculations are based on the assumption that the only 
sink for fluorocarbons in the atmosphere is stratospheric 
photodissociation. It has been shown that annual release esti- 
mates may be obtained from the ALE data with an accuracy, 
based on measurement system noise, of approximately 8%. 
Release estimates averaged over 2 years may be estimated 
with an accuracy of approximately 4%. Biases in these esti- 
mates are expected to be in the range ±5%. The annual 
release estimates for CFCIj exhibit excellent agreement with 
the estimates by the Chemical Manufacturers Association. For 
CF 2 C1 2> estimates of the release in Eastern Europe and the 
USSR have been obtained by subtracting release estimates 
from reporting companies by the CMA from the ALE esti- 
mates of the releases. Although the data suggests some year- 
to-year variability in the emissions, within the accuracy of the 
estimates the emissions in Eastern Europe and the USSR have 
been roughly constant since 1979 at a level of approximately 
55 million kg/yr. This emission estimate is sensitive to mod- 
eling errors, absolute calibration uncertainties, and any error 
in the calculated atmospheric lifetime of CF 2 CI 2 as well as to 
the accuracy of the release estimates for reporting companies. 
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Between 1979 and 1992 we look some 120,000 measurements of atmospheric methane at Cape Meares 
on the Oregon coast. The site is representative of methane concentrations in the northern latitudes 
(from 30*N to 90*N). The average concentration during the experiment was 1698 parts per billion by 
volume (ppbv). Methane concentration increased by 190 ppbv (or 11.9%) during the 13-year span of 
the experiment. The rate of increase was about 20 * 4 ppbvtyr in the first 2 years and 10 * 2 ppbv/^r 
in the last 2 years of the experiment suggesting a substantial decline in the trend at northern middle and 
high latitudes (-1 ppbvtyir). Prominent seasonal cycles were observed. During the year, the 
concentration slays more or less constant unlit May and then starts falling, reaching lowest levels in July 
and August, then rises rapidly to nearly maximum concentrations in October. The average amplitude 
of this cycle is about 30 ± 7 ppbv and has increased during the course of the experiment. Interannual 
variations with small amplitudes of 2-3 ppbv occur with periods of 1.4 and 6.5 years. The residual 
concentrations, after accounting for the trends and cycles, have a standard deviation of 6 ppbv for 
monthly averaged data and 12 ppbv for the daily data. Mass balance calculations show that to explain 
the observed seasonality of concentrations, the emissions must peak in late summer and early fall 
(August-September). No increases in regional annual emissions are required over the last decade to 
ecplain the data. For further research, readers may obtain the complete and averaged data from the 
archives. 


l. Introduction 

Atmospheric methane is of considerable scientific interest 
because its concentration is increasing and it has an important 
role in global atmospheric chemistry and the greenhouse effect. 
In the troposphere, methane affects the oxidizing capacity of 
the atmosphere, it may create ozone in the presence of NOx, 
and it causes global warming. In the stratosphere, methane 
scavenges chlorine atoms preventing the destruction of the 
ozone layer from chloro fluorocarbons and other chlorine- 
containing gases. It also produces water vapor in the 
stratosphere, and possibly high clouds, which may have the 
opposite effect on ozone (for reviews see World Meteorological 
Organization [1985, 1988, 1989, 1991], Intergovernmental 
Panel on Climate Change [1990], and Wuebbles and Tamaresis 
[1993]). 

More than a decade ago, automated measurements from 
Cape Meares established that methane was increasing in the 
atmosphere at a rapid rate [Rasmussen and Khalil, 1981]. The 
Cape Meares data have been used in many subsequent 
analyses of the trends and budgets of methane (see, for 
example, Khalil and Rasmussen [1983, 1990]). The subject of 
this paper is the present record, which spans the 13 years 
between 1979 and 1992 containing some 120,000 individual 
measurements linked to a single absolute calibration standard. 

We will discuss the nature of the data in section 2. Section 
3 Is on the most significant patterns in the data set, namely the 
trends and seasonal cycles; both have been changing during the 
past decade. The validity of the measurements is discussed in 
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section 4. The Cape Meares data provide information on the 
nature and seasonality of sources and sinks as discussed in 
section 5. We have tabulated the monthly data for use by the 
readers; the complete data are available from the archives as 
explained at the end. 

2. Measurements and the Nature of the Data 

The measurements were taken using an automated sampling 
and measurement system. At the heart of the system is a gas 
chromatograph with a Iliimc ionization detector (GC/FID). 
Air is drawn with a pump and dried to a dew point of -30*C by 
a Nafion* Dtyer. The sample is injected into the gas 
chromatograph and the analysis cycle begins. Each analysis of 
an ambient air sample is followed by an analysis of a precisely 
calibrated laboratory standard. The chromatographic peaks 
representing methane (and CO and C0 2 in the early part of 
the experiment) are Integrated using a electronic integrator. 

At the start of the experiment a Carle 211-MS Gas 
Chromatograph was installed. In mid-1985 a Hewlett-Packard 
GC was also installed so that the Carle instrument could be 
replaced. The two instruments were operated simultaneously 
until the beginning of 1987, after which the Carle instrument 
was removed. The overlap period is used to adjust for the 
small difference between the instruments. The overlap also 
allowed rime to fine tune the Hewlett-Packard GC to obtain 
a high degree of precision before the established instrument 
was discontinued. Details of the analytical system and 
experimental methodology are discussed by Rasmussen and 
Khalil [1981]. 

The ambient concentration C(t) is calculated as 

c ne » (0 = A i (t)C I /{iy2[A,(t-fS) + A.0+S)]} (1) 

where C, is the concentration in the standard, A, is the peak 
area for methane in the ambient sample, and A,(t-5) and 
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A/t+S) are the peak areas for the standard analyzed before 
and after the ambient sample. 

The same primary calibration standard was used throughout 
the experiment. The precision relevant to the interpretation 
and use of these data is estimated from the variability of 
observed daily concentrations. It represents the overall 
precision including instrumental, atmospheric, and sampling 
variabilities. We represent the precision with two variables: 
the daily standard deviation (representing the variability of an 
individual measurement 3 = sd) and the daily % standard error 
(representing the variability of the daily mean *s sd 
100%/(C/N)), where C is the mean concentration and N is 
the number of measurements taken during a day , 

The results are shown in Figure 1. The daily standard 
deviations are about 10 parts per billion by volume (ppbv) with 
90% of them between 4 and 21 ppbv. The daily % standard 
error is about 0.1% with 90% tying between 0.03% and 0.34%. 



Daily Standard Deviations (ppbv) 


In the beginning of the experiment we took 72 ambient 
measurements per day. In May 1984 the sampling frequency 
was reduced to 24 samples/day, and in January 1986 the 
frequency was further reduced to 12 samples/day. More than 
120,000 measurements were taken during this experiment. We 
will refer to this set as "continuous" data. After discarding 
data from periods when the instruments were found to be 
malfunctioning and a few extreme cases, the resulting data 
base consists of 118,762 points. This is about 70% of the 
maximum data that could have been collected under our 
sampling frequencies (during the rest of the time the 
instrument was not working). 

We look daily and monthly averages of the data for further 
analysis. From the daily data we found that an average of 
82% of the days between 2/1979 and 12/1992 were sampled. 
In the year of least number of daily measurements, 71% of the 
days were sampled and in the year of most daily 
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Fig. 1. The precision of daily concentrations ot methane, (a) Frequency distribution ot daily standard deviations. ( b ) 
Cumulative frequency distribution of daily standard deviations, (c) and ( d) Analogous to Figures la and 16 but 
representing the percent variability, which is 100% standard deviation/mean//N. These results show the extremely high 
daily precision of the measurements. 
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measurements, 91% of the days were sampled. There is a 
seasonal variation in the number of days sampled per month. 
For most months, 80 - 90% of the days were sampled. The 
lowest number of days sampled per month were for January 
months (73%) and highest for May months (90%). Generally 
between November and January, fewer days were sampled 
(per month) than during other months. This effect is due to 
the adverse weather conditions during the winters when storms 
cause power outages and make the station inaccessible for 
several weeks at a time. Sufficient data were available to form 
monthly averages for all the months of the experiment. 

3. Trends, Seasonal Cycles and Interannual 
Variability 

3.1. Representation of the Data 

The atmospheric concentrations are plotted in Figure 2 
The continuous data are shown in Figure 2a, daily averages in 
Figure 2b, and monthly averages in Figure 2c. These data 
clearly show that there are significant seasonal variations, that 
the conccniration Is increasing, and that the present rates of 
increase are slower than in the earlier part of the data. 

For most applications, daily or monthly average data are 
more appropriate than the continuous data. Using daily 
numbers, we have used three methods to obtain monthly 
concentrations and the variability of the means: arithmetic 
averages, nonparametric estimates of the middle value, and the 
medians. The different methods give very similar results, 
which are tabulated in Khalil and Rasmussen [1992] (see also 
Snedecor and Cochran [1980] and Hollander and Wolfe 
[1973]). The monthly averages are given in Table 1 (see 
section 2). All plus or minus values quoted in this paper are 
90% confidence limits. 

To discuss the patterns in these data, it is useful to state a 
parametric model so that each feature can be quantified 
according to the variables of this model. We chose the 
following model 

C(t) - Trend + Annual Cycle + Interannual 

Variability * t (2) 

“ C T f + C cyc + C IAV + * 


Cp »a+bt+ct 2 (3) 

■r 


N 

C Cc ■ Sin(o)jt +<£j) 

-M <^>-[lU(r-|)]<C <yc > W 

s Z. months 
6 

M 

C[av “ 22 «jSin(ujt+<£j) ; > Z months (5) 

J-N 6 


«(t) ^ D(0,M2,...m N ) (6) 

In this model the trend is defined as a quadratic equation 
in time, which includes the decline in the accumulation rates 


that has been observed all over the world. The annual cycles 
have a duration si year and are here represented as 
sinusoidal functions. The function g(t) is included to represent 
the change of cycle amplitude, which is small in this case and 
can be approximated by the linear function as in (4). The time 
series C det b c - is the deseasonalized data, C dtt = C - 
Cj r is the detrended time series, and T is the time span of the 
experiment (155 months or 4715 days). The interannual 
variability includes variations, cyclic or not, that span times 
longer than a year and are not represented by polynomials 
such as used to describe the trend. Finally, «(t) are residuals, 
presumed to be random and represented by some statistical 
distribution D with mean, m t * zero and described by 
canonical moments m^.-m^. There are many approaches for 
decomposing the time series into the components described by 
(1). Here is how we did it. 

Seasonal cycles. The first step is to evaluate the seasonal 
cycles. We subtract a 12-month running average of 
concentrations from the data. The end points of the running 
average time series are estimated by linearly extrapolating the 
trends of the closest year (calculated from the moving average 
time series). These running averages are a (digital) filter that 
remove cycles of 12 months or less. The original data minus 
the filter leave behind only cycles of 12 months or less. 

In the second step, we evaluate the average seasonal cycle 
< C cyc >. We have used two approaches, which give almost the 
same results. One way to estimate the cycles is to search for 
sinusoidal periodicities of the form: a ; sin(uj t + <j>,) where 
coj are the frequencies inherent in the data. The approach 
described by Khalil and Moraes [1993] produces a Fourier-type 
spectral analysis with the advantages that the algorithm does 
not require evenly spaced data and searches for true 
frequencies rather than the base frequencies and its harmonics. 
The spectral decomposition of the time series is shown in 
Figure 3. 

The other way we estimate seasonal cycles is to calculate the 
average concentration, from the detrended data, on each of 
the 366 days of the year during the course of the experiment 
(365 are normal days and February 29 is the additional day for 
which there are data only during leap years, unless the 
instruments were not working on that day). The Fourier 
decomposition produces a parametric representation of the 
cycles in terms of a set of sinusoidal terms with frequencies »j 
(i = l...n) and phases 0 = 1 — n) as in (4). The second 
method produces 366 seasonal indices rather than a parametric 
representation. The main content of these Indices is almost 
the same as the Fourier decomposition. The procedures are 
the same when applied to the month-averaged concentrations 
except that there are 12 monthly indices instead of 366 daily 
indices and the Fourier frequencies are in radians/month 
instead of radians/day. 

Long-term trends. The third step is to subtract the average 
seasonal cycle from the original data: C-<C eye >. We then fit 
a polynomial trend to this deseasonalized data (in this case a 
quadratic function) to determine "a," "b," and V in (3). 

In the present case there is an additional calculation at this 


point. Since the amplitude of the seasonal cycle is increasing 
(to be discussed later in more detail), we have assumed a 
simple model to describe the trend in cycle amplitude by (4); 
X is estimated by linear regression through zero, between C- 


C rr -<C_^> and (t-T/2) x <C cye >. This turns out to be a 
small effect but worthy of documentation. 


Next (fourth step) we subtract the polynomial trend from 
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TABLE 1. Monthly-Averaged Concentration* of Methane, in parts per billion by volume, at Cape Mearea, Oregon 



1979 

1980 



1981 



1982 



1983 

1984 


1985 

Jan. 


1610 

± 

3 

1627 

± 

3 

1650 

± 

3 

1664 ± 5 

1680 

± 8 

1711 ± 7 

Feb. 

1589 ± 4 

1594 

± 

3 

1637 

± 

3 

1648 

± 

5 

1672 ± 3 

1692 

± 3 

1713 ± 5 

March 

1593 ± 4 

1615 

± 

2 

1640 

± 

2 

1662 

± 

3 

1677 ± 2 

1691 

± 3 

1713 ± 4 

April 

1600 ± 2 

1624 

± 

2 

1641 

± 

3 

1666 

± 

2 

1683 ± 2 

1700 

± 1 

1716 ± 4 

May 

1601 ± 2 

1627 

± 

2 

1640 

± 

3 

1659 

± 

2 

1677 ± 3 

1692 

± 2 

1710 ± 3 

June 

1595 ± 3 

1606 

± 

4 

1623 

± 

2 

1640 

± 

3 

1667 ± 1 

1681 

± 2 

1697 ± 3 

July 

1592 ± 7 

1600 

± 

4 

1612 

± 

4 

1640 

± 

4 

1660 ± 4 

1675 

± 4 

1680 ± 4 

Aug. 

1599 ± 4 

1617 

± 

6 

1614 

± 

6 

1638 

± 

4 

1672 ± 5 

1675 

± 5 

1695 ± 6 

Sept. 

1610 ± 3 

1629 

± 

7 

1653 

± 

3 

1653 

± 

5 

1686 ± 5 

1697 

± 4 

1715 ± 5 

Oct. 

1620 ± 3 

1641 

± 

3 

1659 

± 

6 

1659 

± 

2 

1697 ± 3 

1706 

± 4 

1719 ± 3 

Nov. 

1611 ± 7 

1633 

± 

2 

1649 


4 

1666 

± 

3 

1688 * 3 

1712 

±3 

1728 ± 4 

Dec. 

1609 ±5 

1630 

± 

5 

1648 

± 

2 

1664 

± 

2 

1696 ±5 

1715 

±4 

1724 t 3 


1986 

1987 



1988 



1989 



1990 

1991 



Jan. 

1709 ± 4 

1735 

± 

3 

1750 

± 

2 

1759 


3 

1765 ± 2 

1784 

± 5 


Feb. 

1708 ± 4 

1727 

± 

S 

1745 

± 

3 

1761 

± 

9 

1767 ± 4 

1782 

± 5 


March 

1708 ± 4 

1725 

± 

3 

1753 


3 

1756 

± 

3 

1769 ± 3 

1783 

± 3 


April 

1729 ± 3 

1739 

± 

3 

1752 

± 

3 

1764 

± 

4 

1766 ± 5 

1786 

± 4 


May 

1729 ± 3 

1727 

± 

4 

1744 

± 

6 

1760 


2 

1759 ± 5 

1781 

± 2 


June 

1711 ± 2 

1723 

± 

4 

1731 

± 

3 

1747 

± 

2 

1754 ± 3 

1766 

± 3 


July 

1699 ± 4 

1703 

± 

4 

1719 

± 

4 

1729 

± 

3 

1741 ± 5 

1751 

± 5 


Aug. 

1690 ± 6 

1703 

± 

4 

1723 

± 

5 

1731 

± 

4 

1734 ± 6 

1754 

± 6 


Sept. 

1724 ± 5 

1723 

± 

6 

1741 

± 

4 

1761 

± 

4 

1772 ± 4 

1773 

± 8 


Oct. 

1729 ± 5 

1742 

± 

4 

1745 

± 

5 

1764 

± 

3 

1792 ± 4 

1780 

± 5 


Nov. 

1720 ± 4 

1747 

± 

2 

1752 

± 

3 

1762 

± 

3 

1782 ± 6 

1779 

± 4 


Dec. 

1733 ± 2 

1755 

± 

2 

1759 

± 

3 

1758 

± 

4 

1792 ± 6 

1783 

± 5 



Monthly averages and variability are calculated from daily-averaged concentrations. The plus and minus values are 90% confidence 
limits. 



Period (years) 

Fig. 3. The spectral decomposition of methane concentrations at 
Cape Meares. 

the dcscasonalized data: C-C rr -C cyc . We are now left with a 
time series that has no seasonal variations (including increase 
of cycle amplitude) and no long-term trends. A Fourier 
spectrum of these data reveals long cycles (the interannual 
variability). When these are subtracted from the 
deseasonalized and detrended data, we are left with the 
residuals. 

The fifth and final step is to analyze the residuals. We now 


look at the results of these calculations for various components 
of the time series. 

3.1 Seasonal Cycles and Changes in Cycle Amplitude 
and Cycle Length 

The first graphical view of the seasonal cycles, based on the 
continuous data, is shown in Figure 4a. It is obtained by 
subtracting the quadratic trend from the data and then plotting 
all data by the hour of the year on which it was taken 
regardless of which year. 

The daily-averaged data were analyzed according to the two 
methods mentioned earlier. In Figure 4b, the results of both 
methods are shown. The solid circles are the daily seasonal 
index, and the line is from the Fourier decomposition using the 
three most prominent frequencies (see section 3.7). Days are 
sequentially numbered starting with January 1 as day 0 to 
December 31 (which is day 364 or 365). Between leap years, 
February 29 is treated as a missing value. 

Finally the monthly-averaged data are used to obtain 
seasonal variations by the two methods as shown in Figure 4c 
and represented analogously to Figure 4b. Ninety percent 
confidence limits are added to the monthly indices. 

The cycle essentially consists of two features, namely, the 
cycle amplitude and the cycle length. We analyzed the changes 
in these features during the experiment. 

We defined the cycle length, using the detrended daily- 
averaged data, as the time between the day of minimum 


Fig. 1 The atmospheric concentrations of methane at Cape Meares, Oregon, between 1979 and 1992. (a) Continuous 
data. Sample* were collected and analyzed every 20 min. in the beginning of the record and at lower frequencies during 
later year* (see text). These data show the detailed nature of the trends, slowdown in the trend in recent year* and the 
seasonal variations, (fcj Daily averages, (c) Monthly-averaged concentrations of methane. The line is the parametric 
statistical model based on quadratic trends, seasonal, and intcrannual variations (see text). 
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concentration in one year to the day of minimum 
concentration in the next year. The day on which minimum 
concentrations occur are very precisely defined in the data, 
while the maxima are not. The results show a remarkable 
stability of cycle length from year to year. The average cycle 
length is 365.6 days with a standard deviation of 19 days. The 
maximum cycle length was 397 days, and the minimum was 
331 days. Both these occurred in the early part of the data. 
There is no trend in the cycle length (0.2 ± 2 days). 

The cycle amplitude docs have trends. We defined the cycle 
amplitude as the average difference of maximum and 
minimum concentrations during the year using the detrended 
data. For monthly data the cycle amplitude is defined as the 
average concentration during January to April and October to 
December minus the average concentration during July and 
August. For the daily averages the cycle amplitude is defined 
as the average concentrations during days.0-110 and 290-365 
minus the average concentrations during days 190-250. 

The calculations arc shown in Figure 5. The amplitude of 
the average seasonal cycle is about 30 ± 7 ppbv by all methods 
considered. The relative cycle, the cycle divided by the average 
concentration for the year, is about 1.7% ± 0.4%. There is a 
trend in the cycle amplitude of 1.2 ± 0.9 ppbv/yr and varies 
somewhat by the method of calculating average concentrations. 
The trend of the relative cycle is less statistically significant at 
0.05% ± 0.05% per year. The cycle amplitude during the first 
year is anomalously small and probably due to experimental 
errors rather than atmospheric behavior, it is therefore not 
included in the calculations or in Figure 5. In section 4 we will 
return to the possible causes of the changes in cycle amplitude. 

33. Rate of Long-Term Increase and Its Slowdown 

The long-term trends have one noteworthy feature, namely, 
that the rate of accumulation is slowing down. The slowdown 
of the methane trend has been reported earlier [see Khalil and 
Rasmussen, 1990, 1993; Shearer and Khalil, 1989; Steele et al., 
1992]. 

There are several methods for evaluating the change of 
trends; each method provides a unique perspective. The 
simplest calculation is the quadratic formula of (3). Another 
method is to calculate a time series of trends from the 
deseasonalized data using "running slopes." In this approach 
the slopes (or trends) of the concentration data from time T + j 
to T+j+fi are calculated by a linear regression model (where 
j s 0 to N-6, N is the number of data, number of months or 
number of days in the data set as appropriate). 

The results of these calculations for various assumed values 
of 6 = 3, 5, 6, and 8 years are shown in Figure 6. The solid 
line is for the daily data, and the circles are for the monthly- 
averaged data. The decline of the trend is apparent. There 
are various other features that may represent atmospheric 
behavior or result from experimental errors. 

A third analysis of the trends is to use the average data 
(without deseasonalization) and calculate the trends for each 
day or each month. For instance, the average concentrations 


Fig. 4. The seasonal cycle of methane concenirations. (a) 
Continuous measurements, (b) Seasonal cycle based on daily 
measurements. The points are the 366 daily Indices of the seasonal 
cycle and the line is the sum of three sinusoidal components from the 
Fourier decomposition (see text) with the highest amplitudes, (c) 
Same as Figure ( b ) but for monthly-averaged concenirations. The 
periods of these cycles are 12, 6, and 4 months. 
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Fig. 5. Increase In the amplitude of the seasonal cycle of methane at 
Cape Meares. The legend at the right refers to the various averaging 
methods (see text for further details). 

in January of each year between 1979 and 1991 constitute a 
time series from which a trend can be calculated for January, 
and similarly for each month of the year. For the daily data 
the same procedure Is applied to each of the 365 days 
(February 29 Is eliminated). For both these calculations we 
use the quadratic model: 

Cj(t) ss a } + bjt + Cjt 2 + «j(t) (7) 

where Cj is the monthly (J = m) or daily average 
concentration (J = d), a J( bj, and Cj are constants determined 
from multiple linear regression, and «,(t) are the residuals. 
The average trend during the experiment is 

<bj> = bj + Cj T (8) 

where T is the length of the experiment (here 13 years). 

For the monthly data, the average trend during each month 
is shown in Figure 7 a, and the rate of decrease of trend, which 
is 2cj, is given in Figure 7 b. Analogous results for the daily 
data are shown in Figure 8. The trends in the summer months 
are significantly lower than during the other months. The 
increase of cycle amplitude discussed earlier is Implicit in this 
result. If the cycle amplitude Increases, then trends in the 
months of highest concentrations have to be different from 
trends in months of lowest concentrations. 

There Is a curious anticorrelation between the bj and the Cj 
coefficients of the calculations of the quadratic trend for each 
day of the year. It is shown in Figure 9. While the average 
trends are less in the summers compared to other times, they 
are also decreasing more slowly (or not at all) compared to 
other seasons. 

The trend of methane was about 20 ± 4 ppbvyyr in the first 
2 years and about 10 ± 2 ppbv/yr in the last 2 years of the 
experiment, representing a decline of about -1 ppbvyyr. The 
methods and an analysis of our global data set are given In 
more detail by Khalil and Rasmussen [1993]. In that paper we 
argue that most of the decrease in trend is likely caused by the 
slowdown in anthropogenic emissions, while a smaller effect 
may be caused by a possible increase of OH [Prim et al., 
1992; Madronich and Granier, 1992]. 

3.4. Interannual Variations 

The Interannual variations are cycles over times greater than 
a year. There are two such cycles of periods 1.4 years and 6.5 


years. Both are weak with amplitudes of only 2-3 ppbv, yet 
they are apparent to the eye in the detrended monthly data. 
The causes of these interannual cycles are unclear at present. 

3.5. Residuals 

The residuals are the concentrations left after all the known 
features (as in (2)) are subtracted from the data. The 
distribution of the residuals for daily averages is shown in 
Figure 10 along with a fit to a normal distribution for the same 
average and standard deviation. The mean is 0, and the 
standard deviation of the residuals is 12 ppbv for the daily data 
and 6 ppbv for the monthly data. The residuals are not quite 
normatfy distributed but exhibit both skewness, g, = -0.16, and 
kurtosis, g 2 = 0.93. A normal distribution would have g, and 
g 2 ■ 0 with standard deviations of about 0.04 and 0.08, 
respectively, so the observed skewness and kurtosis are 4 and 
11 times higher than the standard deviations for a normal 
distribution. The skewness means that the model 
underestimates the measured concentrations more often than 
overestimating it, but the underestimates are usually smaller 
than the overestimates (since the mean is 0). The kurtosis 
means that the tails of the distribution have more cases than 
would be expected if the distribution was normal [see Snedecor 
and Cochran, 1980]. 

To further check whether the residuals are random or not, 
we applied the turning point test to the monthly data [Kendall 
and Ord, 1990]. In this test, we calculate the number of points 
that are either higher or lower than the two points immediately 
before and after, representing either peaks or troughs. If the 
data of 156 points were random, we would expect about 103 
turning points with a variance of 24.4. In the Cape Meares 
time series of residuals, there are 96 turning points. This 
suggests that our residuals are indeed approximately random 
(z s* -1.27). Nonetheless, there may be small signals that still 
have not been fully accounted for by our parametric 
representation. 

3.6. Other Cycles and Variabilities 

In addition to the patterns inherent in (2), other cycles and 
variabilities also exist in the data. First, there are submonthly 
variabilities that take the form of higher than average 
concentrations that are sustained for various number of days. 
The occurrence of sustained higher than average 
concentrations for a week or longer occur more frequently 
than may be expected from chance. These occurrences are 
probably related to long-distance transport of air from source 
regions. 

Small diurnal variations are also seen in the continuous 
data. In most cases the concentrations during the day are 
higher than at night. We calculate the difference of 
concentrations between day and night for each day when 
appropriate data are available. Day concentrations are taken 
from 1000-1400 hours and night concentrations from 2200- 
0200 hours. We then calculate the average diurnal difference 
for each month during the course of the experiment. The 
results are shown in Figure 11. During late summer and part 
of fall (August - October) the day concentrations are 
significantly higher than night concentrations by about 2 ppbv. 
During other months there appears little or no difference 
between day and night concentrations. This cycle is likely 
related to local production of methane since diurnal changes 
are too fast , to respond to distant processes. The exact 
mechanisms and sources that generate these cycles are not 
known. 
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Finally, using the dally data we can also calculate the 
variability of the monthly concentrations, which we estimate by 
the standard deviation. The monthly standard deviations of 
observed concentrations undergo a seasonal cycle but appear 
to have no other significant patterns such as trends or change 
of cycle length and amplitude. 


3.7. Summary of the Time Series Decomposition 

The standard deviation of the concentrations in the (raw) 
daily or monthly averaged time series is about 56 ppbv. When 
the trend is subtracted the standard deviation of the remaining 
data is reduced to about 17 ppbv for the daily data and 12 
ppbv for the monthly data. As each feature is subtracted, the 



Fig. 6. The change of the trend of methane at Cape Meares. The moving trends are plotted for various 'averaging" 
periods. The slopes of the concentration data from time T+j to T+j+5 are calculated by a linear regression model, where 
j = 0 to N-8, N is the number of data, number of months, or number of days in the data set as appropriate, (a) The 
period over which the trends are calculated is 8 years, (b) the period is 6 years, (c) the period is 5 years, and (</) the period 
is 3 years. Solid lines are based on daily data; circles are from monthly-average data. 
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variance of the remaining time series is reduced until we come 
to the random residuals («). The reduction in variability from 
each feature of the parametric model of (2) is listed in Table 
2. The parameters of the time series model are also given in 
Table 2. 

The parametric formula is a compact representation of the 
daily-averaged data. If one accepts that the residuals between 
the observed concentrations and the sum of the factors 
isolated in (2), as evaluated here, contain no additional 
information except a measure of random variability 


(represented by the standard deviation), then the parametric 
model can be used to reconstitute the daily data by adding a 
normally distributed random «(t) with mean 0 and standard 
deviation sd. This amounts to substituting a normal 
distribution N(0,sd) for the actual distribution of the residuals 
D(0^d,m 3 ,m 4 ). The reconstituted data should then be 
indistinguishable from the actual measurements and could 
therefore be used in any model requiring a methane database 
with a daily average measurement frequency. As discussed 
earlier, the residuals are not quite normally distributed, but we 






14*762 


Kkaul et a u: Atmospheric Methane at Cape Meares 



Jan Fob Mai Apr May Jnn Jul Any Sop Oct Nov Dec 
Time (days) 



Time (dally) 


Fig. 7. The trend* of methane during eadrday of the year. The 
concentration* on January 1 of every year during the experiment 
constitutes a 13-point lime teries. Similarly, every day of the year is 
a different time ceric*. Each such time series is analyzed to 
determine the trend* by a quadratic formula, (a) The average trend 
on each day of the year during the experiment. ( b ) The decline of 
trend for each day of the year (d^j/dt 2 « 2c), where Cj is the 
coefficient of the quadratic formula for each day (designated by J). 
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Fig. 8. The l rend* of methane for each month of the year. Same as 
Figure 7 except these results are for monthly-averaged concentrations 
instead of daily averages. 


believe that this difference is of no practical importance for 
most applications. 

There are five features of the data that have seasonal 
variations: the concentrations, the variability (standard 

deviations) of monthly concentrations, the diurnal patterns, the 
rate of change, and the cycle of emissions (which will be 
discussed in section 5). Of these, the sources, the standard 
deviations, and the diurnal variations have patterns of seasonal 
variation that are similar (correlated), all are at their highest 
during the summer and early fall. The correlation coefficients 
between the average seasonal cycles of these three factors are 
between 0.6 and 0.8. Taken together these features may mean 
that there are regional sources that are effective during the day 
and occur primarily in summer and early fall (July - October). 
Such emissions would then cause greater variability of 
atmospheric concentrations, would lead to larger emissions 
(per month), and would show diurnal variations during the late 
summer and early fall. 

4. Calibration and Verification Issues 

4.1. Stability of Calibration Standards 

Measurements of methane are obtained by comparing the 
response of a GC/FID instrument to ambient samples and to 



Trend Term - B 

Fig. 9. The relationship between the initial rate of increase and the 
rate of decline in the trend based on the analysis daily-averaged data 
shown In Figure 7. These results show the relationship between bj 
and cj, where J indexes each day of the year and b; and Cj are derived 
from the quadratic equation of the trend for each day. 
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Residual Concentrations (ppbv) 



Residual Concentrations (ppbv) 

Fig. 10. Distribution of the residual daily average concentrations 
after trends, seasonal cycle*. Increase of cycle amplitude and 
interannual variabilities are subtracted from the data, (a) Frequency 
distribution. The solid line is the expected normal distribution with 
the same mean ( - 0) and standard deviation (12 ppbv) as the 
distribution of observed residuals. The distribution of observed 
residuals has both skewness and kurtosis. (fc) The cumulative 
frequency distribution of the daily-averaged residuals. From this 
graph, readers may estimate the spread of the residuals. 


samples taken from precisely calibrated air stored in high 
pressure stainless steel (calibration) tanks as in (1). For long- 
term measurements it is crucial that the calibration not change 
over lime (stability). If the calibration drifts, an apparent trend 
will appear in the measurements that does not represent 
increases or decreases in the atmospheric concentration. 


Furthermore, continuous measurements such as reported here 
depend also on secondary calibration standards that are used 
in the field and are calibrated against the standards kept in the 
laboratory. During the course of long experiments, several 
primary and many secondary calibration tanks are used, 
although all may be tied to the first or some intermediate 
single calibration standard. 

During the course of this experiment, 1 1 primary calibration 
standards were used over periods of a year or more. The 
earliest tank is 0-002, derived from the dilution of a standard 
purchased from Scott Research Laboratories (933) (used 
between 1978 and August 1980). Tanks 0-111, 0-110, and 0- 
132 were made from another Scott standard (321) (used 
between August 1980 and July 1983). Tanks 0-213, 0-271, and 
0-264 were derived from 0-132 and later tanks (used between 
July 1983 and December 1985). The remaining primary 
calibration tanks were derived from NBS-SRM 982 (National 
Bureau of Standards, now NIST, Standard Reference Material; 
used from January 1986 to the present). All data reported 
here are referenced to the original Rasmussen scale, which 
may be converted to the NBS (or NIST) scale by multiplying 
by 1.00927. 

The primary calibration tanks mentioned above were 
measured periodically against the NBS standard (when it 
became available) or another standard that was later calibrated 
against the NBS-SRM 982. These measurements were to 
determine changes and drifts la concentration; none were 
found. The results of the periodic analyses are shown as 
percent differences from the originally measured 
concentrations for the 11 tanks used between 1979 and the 
present (Figure 12). The deviations appear to be random 
fluctuations of which 88% lie within ±0.5% of the originally 
measured values. For example, the original tank 0-002 
changed by -0.3% between two measurements taken 1 1 years 
apart (August 1981 and August 1992). The trends of CH* 
concentrations in the calibration tanks, in percent per year, are 
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Fig. 11. Diurnal variation* of methane concentration* al Cipe 
Mean*. The diurnal variation* are small, with significant difference* 
only during April, Auguat -October. During this time day 
concentration* are higher than nighttime values. 
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TABLE Z Parameters of the Statistical Model for Continuous Measurements of CH 4 at Cape Meares, Oregon 


Trend 


a 

b 

c 

X 

Daily 


1590 ± 28 

0.057 ± 0.0014 

-3.6E-06 ± 3.0E-07 

9.6E-5 ± 2.3E-5 

Monthly 


1590 ± 11 

1.77 ± 0.08 

-0.0036 ± 0005 

0.004 ± 0.002 

Cycle* 


a 

<a) 

* 

T 

Daily 


10.7 

0.0172 

1.24 

365.2 



103 

0.0344 

3.95 

182.6 



4.2 

0.0516 

03 

121.4 

Monthly 


10.4 

0.52 

131 

12 



9.6 

1.05 

4.42 

6 



3.4 

1.57 

139 

4 

Intcrannual Variability 


a 

u 

* 

T 

Daily 


Z4 

0.0119 

6.15 

527.6 



Z4 

0.0027 

239 

2374 

Monthly 


Z6 

0.08 

231 

78 



3.4 

036 

0.07 

17.3 

Variance 

C 

c-c* 

c-c rr -<c eyc > 

C-Crr-C,* 

-Residual 

Daily, 






ppbv, 

56 

17 

1Z8 

1Z7 

12.4 

% 

3.3 

1 

0.75 

0.75 

0.73 

Monthly, 






ppbv, 

56 

123 

6.75 

6.7 

5.9 

% 

33 

0.7 

0.4 

039 

0.35 


Units: The units of "a", "b", "c," and X are ppbv, ppbv/day, ppbv/day 2 , and ppbv/day for daily-averaged data and ppbv, ppbv/month, 
ppbv/month 2 , and ppbv/month for monthly-averaged data. The units of or, u, </>, and T are ppbv, radians/day, radians and days for 
daily-averaged data, ppbv, radians/month, radians and months for the monthly-averaged data. 
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Fig. 1Z Time course of concentration changes in primary calibration 
tanks. The dotted lines mark ±.05% changes. Most fluctuations are 
within ±5%. Note that tanks were put together at different limes. 


shewn in Figure 13. Most tanks have trends less than 0.1%/yr 
and are not statistically significant. For instance, the original 
tank 0-002 ahow* a CH 4 trend of —0.05% ± 0.09%/yr. For 
all practical purposes we can assume that the primary 
calibration tanks used in this study did not drift or fluctuate in 
concentrations enough to affect the methane measurements at 
Cape Meares. Further discussion of the calibrations is 
contained in the microfilm appendix of our earlier paper 
[Rormtusen and Khalil, 1981], 


4.Z Comparisons With an Independent Data Set 

Another way to unequivocally verify the accuracy of the 
trends is to compare the continuous data with an independent 
data set. We were able to construct such a data set of 
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Fig. 13. Estimate* of drift* (or trends) of methane in the primary 
calibration tank*. Mo«t value* arc within ± 0.1%/yr and are not 
statistically significant. 
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methane concentrations at Cape Meares. It is, of course, not 
of comparable frequency or duration. 

The independent time series consists of combining two data 
sets. The first is from the NOAA/CMDL network that 
includes Cape Meares, Oregon, and spans 1983-1989 (these 
data are publicly available (NOAA/CMDL, 1990). The 
samples are taken in glass flasks at Cape Meares and some 20 
other locations and analyzed at NOAA/CMDL laboratories in 
Boulder, Colorado. In addition, we have been storing high- 
pressure samples of air from Cape Meares (and other 
locations) in 36-L stainless steel tanks similar to those used for 
the calibration standards. Numerous experiments (including 
the tests of calibration stability discussed in the previous 
section) have shown that such tanks can preserve methane 
concentrations over decadal time scales. We had 217 stored 
air samples from Cape Meares between 1978 and recent times. 
To support the present study, we measured the methane 
concentrations in these tanks. Methane in these tanks was 
measured against a single standard (referenced to NBS-982), 
and the whole experiment was done over a 6-week period. 
This method gives us a snapshot of the trends of methane (or 
any other gas) in tanks containing air collected over a long 
time. The results are not affected by changes or possible drifts 
of standards. 

It happened that we had a good distribution of stored air 
before 1984 but a much lower number of samples afterwards. 
During some years crucial for the verification of the trends, 
particularly 1985-1989, we had almost no stored air. 
Therefore, the stored air tanks by themselves were not 
adequate for verifying the results of the continuous data. By 
combining these data with the NOAA/CMDL flask sample 
data, we obtained a composite data set that was suitable for 
validating the main features of the trends in the continuous 
data. We took monthly averages of both these data sets to 
construct the composite data. For the measurements on 
stored air we accepted a monthly average only if there were 
three samples collected during the month to make the monthly 
averages compatible with the NOAA/CMDL data. The two 
data sets were complementary, with the stored air representing 
the earlier and later concentrations (before 1984 and after 
1989) and the NOAA data representing the intervening years. 
The results are shown in Figure 14. It is apparent that the 
independent data set constructed here agrees well with the 
continuous methane measurements as monthly averages. 

We calculated the parameters of the model described by 
(2)-(6) using only the trend (quadratic), seasonal cycles, and 
residuals (no IAV or changes of cycle amplitude). We then 
interpolated the values for the missing months by substituting 
the values calculated from the model equations (2)-(6) 
including the addition of random fluctuations with mean 0 and 
standard deviation of < « 10.6 ppbv, which, as expected, is 
much larger than for the continuous data. All of the numbers 
in these equations (trend, cycle, and residuals) were 
determined from the NOAA/CMDL+stored air composite 
data set and not from the continuous measurements. So the 
resulting interpolated data had no dependence on the 
continuous measurements or the effects of calibration 
standards used to obtain the continuous data. The results 
were as follows: a = 1591± 18 ppbv, b ■ 1.69 ± 0.23 
ppbv/month, c = -0.0033 ± 0.0017 ppbv/month 2 ; (a in ppbv, 
<f> in radians/month) for periods of 12, 6, and 4 months are 
(14.9, 1.35), (8, 4.61), and (3, 0.74), respectively. These values 
may be compared to results for the monthly averaged 
continuous data in Table 2. 


Next we calculated the running slopes as discussed earlier 
but now applied to the interpolated composite data set. The 
results are shown in Figures 15a and 156. It shows trends 
over 2- and 3-year overlapping periods of time. The 
agreement with the results from the continuous measurements 
is apparent. In particular, the somewhat abrupt decrease of 
trend between 1984 and 1986 is verified by the independent 
data set. Similarly, the magnitude of the large net change of 
trend between 1979 and the present is also verified to be from 
around 20 ppbv/yr down to about 10 ppbv/yr (actual results 
from the composite data are 21 ± 6 ppbv^r for the first 3 
years, from 1979 to 1982, and 11 ± 8 ppbv for the last 3 
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Fig. 14. Independent data from Cape Meares used to corroborate the 
main features of the continuous measurements. 
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Fig. 15. Running slopes of methane concentrations at Cape Meares 
based on continuous data and compared to the independent data 
.described In the text, (a) For 2-year periods and (6) for 3-year 
periods. Both data sets show somewhat abrupt changes of trend and 
a decline from around 20 ppbvtyr in the early part of the data to 
around 10 ppbv/yr in the later data. 
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years, from 1987 to 1990). The agreement between these 
independent data and the continuous measurements lends 
considerable support to the validity of the high-resolution data 
base. 

We note for completeness that there is yet another data set 
on methane at Cape Meares based on our flask sampling 
program. These data come from weekly samples taken 
between 1981 and the present. We have not used these 
measurements here because they are not entirely independent 
of the continuous measurements. They are based on the m™ 
calibration standards and the changes of standards during the 
course of the experiment, as well as periodic cross calibrations 
with the continuous measurements. 

5. Causes and Implications of Trends and Cycle 
Variations 

5.1. Estimates of Seasonal Emissions 

We consider next the emission and removal rates of 
methane and the possible reasons for the existence of the 
trends, seasonal cycles, and the increase of cycle amplitude. A 
local mass balance of methane in the middle- and high-latitude 
quadrant of the Earth's atmosphere (30*-90*N), represented by 
Cape Meares, may be written as 

S = dC/dt + C/r(t) + (C - Ci-y^t) (9) 

t(0 = [tqh 1 + V 1 )' 1 (10) 

where S are the emissions in ppbv/yr or Tg/yr, C is the 
concentration, T OH (t) is the atmospheric lifetime due to 
reactions with OH, r s (t) is the lifetime due to removal of 
methane by soils, and r T is the transport time between the 
middle latitude quadrant and the Northern tropical quadrant 
(where the concentration is Cj). 

In (9), S is put on the left-hand side because data are most 
deficient for defining emissions, even though emission rates 
from many sources have been experimentally measured. For 
this reason, our aim will be to calculate the emissions from the 
knowledge of the other factors in this equation. The other 
quantities, on the right-hand side are at present, amenable to 
experimental and theoretical analysis and estimation. The 
concentrations (hence C, dC/dt and (C-Cf) = A) are 
measured quantities, r T can be determined from observations 
of winds, turbulence and tracers, and r(t), the atmospheric 
lifetime, can be calculated by using photochemical or other 
models for OH, recognizing that 80-90% of the methane is 
removed from the atmosphere by reacting with tropospheric 
OH radicals. The average concentrations of OH radicals are 
constrained by the budget of CH 3 CCI 3 . The possible effect of 
soils will be discussed later. Calculations based on (9) and ( 10) 
are highly constrained by observations (C, r(l), and T-jft)), 
particularly observations of methane concentrations at Cape 
Meares, and are easily reproducible, allowing readers to 
reevaluate our conclusions. The atmospheric lifetime of 
methane varies according to the seasonal and latitudinal 
variations of OH concentrations. The OH concentrations can 
be obtained from photochemical models such as the one 
described by Lu and Khalil [1991] or the results tabulated by 
Spivakovski et aL [1990]. From these calculations it appears 
that the average lifetime of methane in the northern quadrant 
(30*-90*) of the atmosphere is about 2.2 times longer than the 
lifetime in the equatorial quadrant (0*-30“). From the 


calculated average OH concentrations and the small effect of 
the soil sink, the global atmospheric lifetime of methane is 
between 10 and 12 years, so that the lifetime in the northern 
quadrant is between 16 and 19 years. This lifetime varies 
seasonally being shortest in the local summers ( 8-10 years) and 
longest (60-70 years) in the winters. The destruction rate, 
which is the Inverse of the lifetime ( 1 /yr), is 0.0167, 0.056, 
0 . 012 , and 0.06 in the four seasons from winter to fall In the 
northern quadrant [Lu and Khalil, 1991; Spivakovski el al, 
1990]. These are taken to represent the middle of the seasons 
and the rates for the rest of the months are obtained by linear 
interpolation. 

The (intrahemispheric) transport time results from the 
motions of the winds and turbulent transport processes. While 
the average transport time is about 70-80 days, the seasonal 
variations are quite difficult to define precisely for the type of 
model in (9). Fortunately, the seasonal variations of transport 
do not have a large effect on the calculated emission rates 
(although it does effect the expected seasonal cycle of the 
concentration). The seasonal variations of the transport are 
discussed by Cunnold el aL [1983], Newell et aL [1969], and 
Khalil and Rasmussen [1983]. Here we take the seasonal 
transport times to be 61, 65, 1 13, and 80 days for winter to fall 
seasons. The transport times are linearly interpolated for the 
transition months between the middles of the seasons. 

The other term In the transport part of (9); namely, A = C 
-Cj- happens to be approximately constant at 37 ± 3 ppbv 
where the concentration for Cj- are from measurements taken 
at Mauna Loa and Cape Kumukahi in Hawaii from 1981 to 
1986. There are no trends or seasonal variations in A during 
this period. We chose to take this constant value of A rather 
than use the actual measured concentrations at Hawaii 
primarily because the certified data at Hawaii span a much 
shorter time (5 years) compared to the Cape Meares data 
base, which spans 13 years. 

The effect of the "soil sink* is not explicitly included in the 
calculations because there are no data to assess its 
hemispherical-scale seasonal variation or even the magnitude 
of the effect Globally, 10-50 Tg/yr are believed to be 
removed by soils. Since a large fraction of the land mass is in 
the region of our mass balance, the role of the soil sink may 
be important We expect that the sink, which requires dry, 
active soil conditions, is most effective during summers and 
least effective during winters. In this case, the soil sink would 
reinforce the seasonal cycle of emissions found from the 
seasonality of OH. 

Using the measured monthly-averaged concentrations at 
Cape Meares for C and dC/dt, we follow these steps in our 
analysis: We calculate the emissions from (9) based on the 
values of the remaining variables already described (seasonally 
varying OH and transport times are assumed throughout). 
This gives us a monthly time series of emissions that is 
analyzed by a model analogous to (2), or S = Trend + 
Seasonal Variation + Residuals, from which we estimate the 
seasonal variations of the emissions. We used several different 
time series for the concentrations in (9). We took just the 
trend represented by (3) to sec what emission patterns would 
be needed to explain it (in this case dCjy/dt = 2ct). Then we 
took C = Cj r + <C cyc > to see the effect of adding the 
average seasonal cycle; next we took the concentration to be 
Cj- r + + C^y, which represents the full model without 

the residuals. These calculations using the parametric model 
of the concentrations were carried out for a lifetime of 16 
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years (in this quadrant) and the dC/dt term was calculated 
explicitly by differentiating the appropriate formulae. The 
ability to explicitly calculate derivatives and integrate is an 
advantage of the parametric model. In the last two 
calculations, we used the full model C « + C^y 

but for average lifetimes of 12£ and 19.2 years (representing 
global average lifetimes of 8 and 12 yean). 

From the calculations shown In Figure 16, it is evident that 
sizeable seasonal variations in the emissions of methane are 
required to explain the observed seasonal cycle of 
concentrations. Annual emission from this region add up to 
about 200 Tg/yr based on our modeL Both the annual 
emissions and the seasonal variations of the emissions are close 
to our original estimates [Khalil and Rasmussen, 1983]. 

It Is noteworthy that these calculations do not require the 
annual average emissions to be increasing during the last 13 
years to explain the Cape Meares data. Apparently, methane 
emissions from this quadrant were substantially out of balance 
with ambient concentrations so that even though the emissions 
may not be increasing anymore, concentrations will continue to 
rise, asymptotically, approaching a new equilibrium value. The 
stable annual emission rates from this quadrant are probable, 
since large sources controlled by human activities such as cattle 
and rice agriculture have not increased during this time. 
Furthermore, the calculated seasonality of emissions is 
consistent with the current data on the seasonal emissions 
from wetlands and rice fields [Aselman and Crutzen, 1989; 
Matthews, 1993; Khalil et al, 1991). 

To further explore the role of seasonal emissions in 
determining the observed seasonality of methane at Cape 
Meares, we did the following calculations; We took the 
average emissions from the previous calculations just described 
(which are about 17 Tg/month for a global lifetime of 10 years 
or 16 Tg/yr for a lifetime of 12 years). Next we calculated the 
expected concentrations under several assumptions with a finite 
difference form of (9): 



Tim* (month*) 


0 C(Tr) 

o C(Tf*«Cyo») 

• C(Model) 

I 0-yr 

a C(Model) Syr 
S-yr 

V C(Model) I 2 
12-yr 


Fig. 16. The seasonal cycle of the emission* of methane from the 
region 30*-90*N. The estimate of emissions is derived using a mass 
balance model that Is highly constrained by observations. Highest 
emissions occur during the late summer and early fall. 



C(n+1) = (l + l/r(n)]C(n) + S(n) + [l/r^n)] AC (11) 

First we assumed that the emissions were constant at the 
average rates S(n)= S and r^t) is constant, so that there are 
no seasonal cycles in transport or emissions (but the seasonal 
cycle of OH is always Included). We then calculated the 
expected concentrations by (11) (base case). Next we included 
the seasonal variation of the transport times and calculated the 
expected concentrations (base case + transport). We then 
repeated the previous two calculations but we added an 
increase of OH (resulting in a decreasing lifetime of methane) 
at 1 %/year. The results are shown in Figure 17. 

The main conclusions are: First, the seasonal cycle 

calculated using the seasonal cycle of OH alone (no cycle for 
transport) is clearly out of phase with the observed seasonal 
cycle of concentrations. Curiously, the amplitude of the 
seasonal cycle of concentrations imposed by the cycle of OH 
Is about the same as the observed seasonal cycle. The 
remaining observed cycle of concentrations must be driven by 
seasonal variations of emissions and transport. 

Adding the seasonal cycle of transport does not substantially 
improve the agreement but reduces the amplitude of the 
calculated cycle, leaving a substantial role for the seasonal cycle 
of emissions in determining the observed seasonality of 
concentrations. The seasonal source cycle required to explain 
the observations is shown earlier in Figure 16. 


Fig. 17. The seasonal cycle of methane; expected and observed. The 
seasonal cycle of OH and transport does not explain the cycle of the 
source calculated by a mass balance model. A significant seasonal 
cycle of emissions is therefore required to explain the observed 
seasonal cycle of methane. 

Adding a trend of OH at \%tyr does not much affect the 
conclusions regarding the average seasonal cycle of observed 
concentrations. The addition of an increasing trend of OH 
requires that the emissions in this quadrant also must be 
Increasing. Such Increases are difficult to verify from the 
current knowledge of the sources. 

These calculations also provide Insights on the Increase of 
cycle amplitude. The cycle amplitude is expected to increase 
as the concentration rises. This Is so because the rate of 
removal of methane Is C/r OH ■ -K(OH]C as in (9) and (10). 
As the concentration rises, more methane is removed during 
the peak of the OH concentration creating a larger dip in 
concentration each summer. According to our calculations 
described above, this effect amounts to about a 2 ppbv change 
in the cycle amplitude over the 13 years of the data. If we add 
increasing OH at the change in cycle amplitude is about 
5 ppbv during the last 13 years. The measured change of 
amplitude is about 10 ppbv over this time. Therefore only a 
small amount of the change of cycle amplitude is explained by 
the increasing concentration, and a little more is explained by 
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the dubious possibility of fast rising OH concentrations. It 
seems, then, that a large part of the increase in cycle amplitude 
is driven by seasonal changes in methane emissions in the 
northern quadrant of the Earth's atmosphere. The magnitude 
of the changes in emissions needed to explain the change of 
cycle amplitude are small and generally require some increase 
of emissions during late summers and small decreases during 
other seasons. 

5.2. Spatial Scales Associated with the Cape Meares 
Methane Tune Series. 

We have discussed many features in the continuous 
methane data taken at Cape Meares. These features span 
time scales from diurnal variations to Intcrannual variability. 
As usual, the temporal scales of variability are correlated with 
the spatial scales of the processes that produce the observed 
cycles. There is little doubt that the long-term increase, its 
recent declining rate and probably the intcrannual variations 
are representative of very large scale phenomena spanning this 
hemisphere und close even to global average trends. Similarly, 
diurnal variations and submonthly variability are probably 
representative of local and regional effects of undefined but 
relatively small spatial scales. This leaves seasonal cycles and 
their long-term variability, which is neither clearly 
representative of the northern semihemisphere nor of local or 
regional scales. 

We have used the seasonal variation as a principal factor in 
the mass balance of the previous section and the claim of 
significant seasonal cycles in emissions deconvolved from the 
measurements taken at Cape Meares. Cape Meares is far 
from populated areas and affected mostly by winds from over 
the Pacific Ocean. It is "upwind" of Portland, Oregon, and 
separated from it by the coast range. We therefore expect 
that Cape Meares is representative of concentrations over a 
very large spatial scale, but is the Cape Meares seasonal cycle 
representative of this semihemisphere? 

To answer this question, we again used the independent 
methane data base from the NOAA/CMDL network. In this 
network there are eight stations between 30°N and 67°N 
representing the middle northern latitudes and three stations 
in the northern polar latitudes (we have added Sable Island, 
making 12 stations in all). These sites and their north latitudes 
and longitudes are Alert, NWT-Canada (82.45, 62.5), Azores- 
Terceria Is. (38.75, 27.08), Barrow, Alaska (71.32, 156.6), Cold 
Bay, Alaska (55.2, 1617), Cape Meares, Oregon (45, 124), 
Mould Bay, NWT-Canada (76.23, 11923), Niwot Ridge, 
Colorado (40.05, 105.63), Olympic Peninsula, Washington 
(48.25, 124.75), Shemya Is., Alaska (5171 185.9), Ocean 
Station M (66, 358), and Sable Island, Canada (44, 59.8), 
which is not a NOAA site but is in our long-term flask 
sampling network. Measurements are available between 1983 
and 1989, but not all sites have measurements throughout this 
period. 

We treated the data according to our general model 
described in (2)-(5) and determined the seasonal cycles. Then 
we took the average of the seasonal cycle at the middle 
latitudes and the average for the polar latitudes. Finally, we 
obtained the composite seasonal cycle for the northern 
semihemisphere as an area weighted average so that the 
semihemisphere cycle = 0.84 x middle latitude cycle + 0.16 x 
polar latitude cycle. In calculating this cycle we have not 
included the continuous data from Cape Meares, but we have 
included the NOAA Flask data from Cape Meares. The 


semihemisphere cycle according to these calculations is shown 
in Figure 18 along with the cycle from the continuous 
measurements at Cape Meares for the same period of time 
(1983-1989). The Cape Meares cycle is close to the 
semihcmispherical Bverage cycle. It differs in several details 
from the polar cycle, but the polar cycle makes only a small 
contribution to the semihcmispherical average, so Cape 
Meares may be taken to represent this region. The only 
substantial differences between the Cape Meares cycle and the 
semihcmispherical cycle arise in winter and early spring 
(December, January, February, and March). These differences 
do not greatly affect our conclusions on the seasonal emissions 
required to explain the seasonal cycle of concentrations at 
Cape Meares. The deconvolved source is shown in Figure 19 
in which we have used the semi-hemispherical average cycle to 
calculate seasonal emissions and compare it to the results of 
the previous section using continuous data only from Cape 
Meares. 


6. Conclusions 


The detailed methane data taken at Cape Meares during 
the last 13 years contain many prominent features as well as 
many details. The prominent features are the seasonal cycles 
and the increasing trend including the slowdown in the rate of 
accumulation. In addition to these features there are other 
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Fig. 18. The seasonal variation of methane at Cape Meares 
compared to the average seasonal cycle In the northern quadrant of 
the Earth's atmosphere (30*N-90*N). The average cycle is based on 
12 stations and 5 years of measurements. 



Fig. 19. The estimated seasonal source of methane in the northern 
quadrant (30"N-90“N) based on the seasonal cycle from the Cape 
Meares continuous data and the average cycle shown in Figure 18. 
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smaller effects. These are the increase of cycle amplitude, 
interannual variations, diurnal variations and its seasonal cycle 
and the seasonal cycles in the variability of concentrations. 
While these effects do not greatly influence the atmospheric 
concentrations, they provide unique information on the sources 
and sinks of methane from the middle northern latitudes which 
probably is the region of largest methane fluxes in the world 
because of the large land mass and population. Moreover, 
these features provide opportunities to test and tune detailed 
photochemical or transport models for methane and OH. 

To explain the observations requires seasonally varying 
sources with highest emissions occurring in late summer and 
early fall. Annual emissions are not required to increase in 
order to explain the observed trends. These features 
quantitatively agree with assessments of the seasonality and 
trends in the emissions from sources such as cattle, rice 
agriculture, and the wetlands. 

Cape Meares is the earliest station for continuous 
automated measurements of methane and other stable trace 
gases. While the experiment has provided much information 
on atmospheric methane, it has also provided valuable 
experience on implementing automated long-term 
measurements of trace gases in the Earth’s atmosphere. The 
data discussed here arc a prototype of the high-precision and 
high-frequency measurements that can be obtained from such 
experiments at various ground-based sites. The most 
important prerequisite to obtaining such measurements is 
producing calibration standards that are stable for decades and 
producing many reliable secondary standards that are used in 
the experiment over the years. A flask-sampling methodology 
is a direct competitor of the continuous automated 
measurements strategy that has distinct advantages that will be 
analyzed and discussed in subsequent papers. 

The data are archived at the Carbon Dioxide Information 
and Assessment Center (CDIAC) and may be obtained by 
writing to the Carbon Dioxide Information and Analysis Center 
(CDIAC), Oak Ridge National Laboratory, Oak Ridge, TN 
37831-9984. The data at CDIAC are in three tables that can 
be directly retrieved into the computer. Table 1 contains time 
and continuous data in ASCII format. Table 2 contains the 
time, daily average concentration, standard deviations (of daily 
concentrations), number of data during each day, and a 
column with interpolated data as described in section 3.6. The 
interpolation is used to fill gaps when samples were not 
collected. Table 3 contains monthly-averaged data and 90% 
confidence limits of the mean. Data based on the three 
averaging methods discussed earlier are included and are the 
same as Table 1 of this paper. The report by Khalil and 
Rasmussen [1992] and this paper are the primary reference for 
these data. 
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Atmospheric Emissions and Trends of Nitrous Oxide 
Deduced From 10 Years of ALE-GAGE Data 

R. Prinn, 1 D. Cunnold 2 R. Rasmussen, 3 R Simmonds, 4 
F. Alyea, 2 A. Crawford, 3 R Fraser, 5 and R. Rosen 6 


We present and interpret long-term measurement! of the chemically and radiatively important trace gas 
nitrous oxide (NjO) obtained during the Atmospheric Lifetime Experiment (ALE) and its successor the Global 
Atmospheric Gases Experiment (GAGE). The ALE/GAGE data for NjO comprise over 110,000 individual 
calibrated real-time air analyses carried out over a 10-year (July 1978-June 1988) time period. These mea- 
surements indicate that the avenge concentration in the northern hemisphere is persistently 0.75 £ 0.16 ppbv 
higher than in the southern hemisphere and that the global average linear trend in N 2 O lies in the range from 
0.25 to 031% yf 1 , with the latter result contingent on certain assumptions about the long-term stability of the 
calibration gases used in the experiment. Interpretation of die data, using inverse theory and a 9-box (grid) 
model of the global atmosphere, indicates that the NjO surface emissions into the 90“N-30*N, 30*N-0*, 0'- 
30*8, and 30°S-90°S letruhemi spheres account for about 22-34, 32-39, 20-29 and 11-15% of the global total 
emissions, respectively. The measured trends and latitudinal distributions are consistent with the hypothesis 
that stratospheric photodissodation is the major atmospheric sink for NjO, but they do not support the hypoth- 
esis that the temporal N 2 O increase is caused solely by increases in anthropogenic N 2 O emissions associated 
with fossil fuel combustion Instead, the cause for the N 2 O trend appears to be a combination of a growing 
tropical source (probably resulting from tropical land disturbance) and a growing northern mid-latitude source 
(probably resulting from a combination of fertilizer nse and fossil fuel combustion). The exact combination 
of these sources which best fits die data depends on the assumed tropospheric-stratospheric exchange rates 
for N 2 O in the northern hemisphere relative to the southern hemisphere. Accepting 1 theoretically -calculated 
N 2 O lifetime of 166 ± 16 years due to stratospheric destruction only, we deduce from the ALE/GAGE data a 
10-year average global N 2 O emission rate of (20.5 db 2.4) x 10 11 g N 2 O yH , but with significant year-to-year 
variations in emissions associated perhaps with year-to-year variations in tropical land disturbance. 


1. Introduction 

Nitrous oxide (N 2 O) is a very long-lived atmospheric species 
with both anthropogenic (e.g., combustion) and biogenic (e.g., 
soil microbes) sources whose only important recognized at- 
mospheric sinks are stratospheric photodissociation and photo- 
oxidation. Its concentration has been observed currently to be 
increasing over die globe as first reported by Weiss [1981] and 
since confirmed by other observations [Khalil and Rasmussen, 
1983; Prinn et al., 1983; Rasmussen and Khalil, 1986; W. 
Komhyr et al., (unpublished manuscript, 1987)]. Webs [1981] 


1 Department of Earth, Atmospheric and Planetary Sciences, 
Massachusetts Institute of Technology, Cambridge, Massa- 
chusetts. 

2 School of Geophysical Sciences, Georgia Institute of Tech- 
nology, Atlanta, Georgia. 

3 Institute of Atmospheric Sciences, Oregon Graduate Center, 
Beaverton, Oregon. 

4 Department of Geochemistry, University of Bristol, Bristol, 
United Kingdom. 

5 Division of Atmospheric Research, Commonwealth Scientific 
and Industrial Research Organization, Aspendale, Victoria, 
Australia. 

6 Atmospheric and Environmental Research, Inc., Cambridge, 
Massachusetts. 

Copyright 1990 by the America] Geophysical Union. 

Paper number 90JD01439. 

0148-0227/90JD-01439S05.00 


concluded that the observed rate of increase is consistent with 
combustion of fossil fuels and to a lesser extent agricultural 
activity as the cause of the increase. This trend in N 2 O is a 
historically recent one since analyses of polar ice cores indicate 
that the N 2 O mixing ratio over the preindustrial period 500 BC 
to 1800 AD was relatively constant at around 285-289 ppbv 
[Pearman et al., 1986; Khal'd and Rasmussen, 1988]. Using a 
simple mass balance model with an N 2 O lifetime of 170 years, 
this rate of increase in modem times can be interpreted as 
indicating an approximately 40% current excess of the global 
N 2 O annual source over its stratospheric annual sink and an 
approximately 50% growth in N 2 O emissions from preindustrial 
times. The increase is of concern both because N 2 O is the major 
stratospheric source of NO*, which is important in catalytic 
destruction of stratospheric ozone [Crutzen, 1970; McElroy and 
McConnell, 1971], and because N 2 O is one of the greenhouse 
gases that may contribute to future climatic change [Wang et al., 
1976; Dickinson and Cicerone, 1986]. 

Since 1978 we have carried out high-frequency (four to 12 
measurements per day) real-time gas chromatographic measure- 
menu of N 2 O at several globally distributed stations, first as a 
part of the Atmospheric Lifetime Experiment (ALE) and, subse- 
quently (since late 1984X as a part of the Global Atmospheric 
Gases Experiment (GAGE) [Prinn et a/„ 1983, 1987; Cunnold 
et al., 1986; Simmonds et aL, 1988]. The surface measurement 
stations are located at coastal sites remote from industrial and 
urban areas and are designed to measure accurately the tropo- 
spheric trends of trace gases whose lifetimes are long comp ar ed 
Id global tropospheric mixing times. The station locations are 
Cape Grim, Tasmania (41*S, 145®E), Point Matatula, American 
Samoa (14'S, 17l*EX Ragged Point, Barbados (13®N, 59 # W), 
Cape Meares, Oregon (45® N, 124*WX Adrigole, Ireland (52°N, 
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10“ WX and Mace Head, Ireland (53° N, 10* W). The Cape 
Meares station was opened in January 1980, the Mace Head 
station was opened in January 1987 and all other stations were 
opened in July 1978. The Adrigole station closed in December 
1983 (the Mace Head station is a (belated) replacement). 

We present in this paper the temporal and spatial variations 
in N2O based on over 110,000 individual calibrated real-time 
ALE/GAGE air analyses carried out over a period of 10 years 
(July 1978 to June 1988). The ALE/GAGE data for this 
species are particularly useful because they are high-frequency 
measurements at fixed locations designed to be indicative of the 
four lower tropospheric semihemispheres of the globe. Using 
inverse methods, the observed persistent differences between 
N2O concentrations and trends in each semihemisphere over 
this long time period are interpreted in terms of varying 
emissions in each semihemisphere, thus providing fundamental 
information on the magnitude and nature of the presently poorly 
quantified surface sources of N2O. In particular, our analysis 
tests the hypotheses that fossil fuel combustion, which is highly 
concentrated in the 30* N-90* N semihemisphere, is a major 
source of N2O [Pierotti and Rasmussen, 1976; Weiss and Craig, 
1976] and that increases in fossil fuel combustion are the 
major cause of the observed global temporal N2O increase [Hao 
et al., 1987]. An application of the ALE/GAGE N2O data, 
complementary to that presented here, involves analyzing the 
high-frequency variation of N2O relative to several anthropogenic 
halocarbons (CFCI3, CF2CI2, CH3CCI3, CCI4) also measured in 
ALE/GAGE to determine, for example, fundamental information 
on European sources using the Adrigole station data [Prather, 
1985. 1988]. 

2. Experiment 

Atmospheric N2O is analyzed at each station by first drying 
the air sample with a Nafion dryer [Foulger and Simmonds, 1979] 
and then using a microprocessor-controlled gas chromatograph 
equipped with an isothermal (50° C) 1,8-m column packed with 
80-100 mesh Porasil D and an electron capture detector for 
fite analysis [Prim et aL, 1983]. In die initial phase of the 
experiment (ALE, 1978-1984) HP 5840 gas chromatographs 
taking four calibrated air measurements per day were used, 
whereas in the follow-on phase (GAGE, 1981 to present) the HP 
5840 instruments were first run together with and then replaced 
by HP 5880 instruments taking 12 air measurements per day. 
Agreement between ALE and GAGE instruments for N2O was 
excellent considering the fact that different calibration tanks were 
used for each instrument In particular, the average magnitude of 
the difference between the monthly' mean N2O measurements on 
the two instruments was only 0.7 ± 0.4 ppbv for t(ie 10-month 
overlap at Oregon, 0.6 ± 0.4 ppbv for the 9-mohth overlap at 
Barbados, 03 ± 03 ppbv for the 10-month overlap at Samoa, 
and 13 ± Oil ppbv for the 43-month overlap at Tasmania (lo 
standard deviations). These differences are largely attributable 
to the finite accuracy with which individual calibration tanks are 
prepared in ALE/GAGE. ' " 

The combination of a Porasil D column packing, relatively 
low column temperature (50* C), and specially purified 95% 
Ar/5% CH4 carrier gas enables N2O to be reliably separated 
from other major electron-capturing atmospheric species. The 
separation is not optimal, since die N2O chromatographic peak 
lies on the tail of the air (mainly O2) peak (see Prinn et al. 
[1983] fat a sample chromatogram). The precision of our 
N2O analysis based on repeated analyses of calibration gas is 


about ±0.35% (lo) for ALE and about ±0.13% (la) for GAGE. 
Co-elution of O2 and CO2 with N2O, which is a problem 
with certain choices of column packings, column temperatures, 
and carrier gases (e.g., Porasil A, 75*C, and N2 as used by 
W. Komhyr el aL (unpublished manuscript, 1987)) does not 
occur in our system. This was established by comparing gas 
chromatographic analyses of N2O in a calibration tank with 
and without quantitative removal of CO2 using a trap filled 
with Carbosorb (NaOH on asbestos). The ratio of successive 
N2O analyses with and without CO2 was 1.000 ± 0.005 (lo) for 
30 comparisons on a simulated GAGE system in the laboratory. 
Similar results were obtained using a Carbosorb trap with the 
Cap e Grim GAGE instrument This conclusion that CO2 does 
not interfere with our N2O analyses is corroborated by the lack 
of any evidence for the existence of the significant (ss 3% 
amplitude) northern hemispheric annual CO2 cycle [Keeling and 
Bacastaw, 1977; Fraser el al., 1983; Komhyr et al., 1985] in 
the ALE/GAGE northern hemispheric N2O data. Instead, as we 
will discuss later, the only statistically significant annual cycles 
in N2O are in die southern hemisphere where in contrast CO2 
annual cycles have very low amplitudes [Keeling and Bacastow, 
1977; Fraser et al., 1983; Komhyr et al., 1985]. 

Absolute calibration is achieved on site by comparing in- 
terspersed analyses of air and on-site (Nafion -dried) calibration 
gas. The on-site calibration gas tank is used for about 3-4 
months and is analyzed relative to working secondary standards 
at the Oregon Graduate Center both before and after use at the 
site [Rasmussen and Lovelock, 1983]. This calibration procedure 
assumes a linear relation between instrument response R and 
mixing ratio % (i.e„ in the general expression R « the 

nonlinearity parameter e = 1 — din /f /din % = 0). For small 
values of e, Ain R and Alnx, as in ALE/GAGE, the error in % 
due to nonlinearity is therefore approximately — r yAln B. The 
linearities of the instruments at each of the five sites and of die 
instrument used to analyze the on-site calibration tanks relative 
to the secondary standards have been investigated using a suite 
of test tanks with mixing ratios ranging from 03 to 13 times 
present atmospheric concentrations. From these tests we find 
e = 0.055 ± 0.081. The largest difference between unknowns 
and standards in ALE/GAGE is 3% (i.e n AlnJZ < 0.03). Thus 
the largest error in x due to nonlinearity it t x 0.03 x 100 
= 0.17 ± 034% (or 03 ± 0.7 ppbv for X — 300 ppbv), and 
this error would apply to 1988 atmospheric analyses in northern 
mid-latitudes calibrated against our original secondary standards. 
The above e values could also reflect in part the finite accuracy 
with which the individual tanks for testing nonlinearity can 
be prepared. A recent reanalysis of the working secondary 
standards maintained by the Oregon Graduate Center relative to 
an original ALE secondary standard [Rasmussen and Lovelock, 
1983] has necessitated corrections to the assigned values for 
these working secondary standards. These corrections are small 
for N2O (the required changes to the on-site calibration tanks 
averaging only 0.18 ± 03%; lo) but not for some of the other 
GAGE species. 

Calibrations of the secondary standards are updated based on 
the best information currently available and the updated values 
are expressed in terms of the so-called ALE/GAGE calibration 
factor ( which is the dimensionless factor by which the nominal 
values assigned to the standards at the beginning of ALE are to 
be multiplied. For N2O our best current estimate for ( is based 
on four calibration studies. First, the ALE/GAGE secondary 
standards have been compared to new primary standards prepared 
at die Oregon Graduate Center indicating ( * 0.91 [Rasmussen 
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and Khalil, 1986], Second, the ALE/GAGE standards have 
been compared to the primary standards from the National 
Bureau of Standards (NBS-SRM numbers 1631B and 1727B) 
yielding £ = 0.89 [Rasmussen and Khalil, 1986]. Third, we 
have related our standards to the Weiss [1981] N2O primary 
standard specifically by comparing our daily mean Samoa 
and Barbados data to shipboard measurements made by Weiss 
[1981] in the Pacific east of Samoa (24 measurements, August 
1979 to May 20, 1980) and in the Atlantic east of Barbados 
(seven measurements, September-October 1978). Representative 
advective times between ship and A LEAKAGE stations of 2 
days (Samoa) and 1 day (Barbados) due to the predominantly 
easterly winds are taken into account but the low variability 
in the ALE/GAGE data does not make this an important 
consideration. This comparison yields £ = 0.901 ± 0.007 
(lo). Finally, the ALE/GAGE standard has been compared 
to the National Oceanographic and Atmospheric Administration 
primary standard for N2O (NOAA-GMCC Tank 3072) yielding 
£ « 0.904 ± 0.006 (lo) (J. Elkins, private communication, 
1989). For the results presented in this paper we have adopted 
the average £ = 0.90 ± 0.01 (lo) from these four determinations 
with the standard deviation being used as an indicator of a 
possible systematic error in £ of db 0.01. 

For determination of long-term trends in N2O, the long-term 
stability of the ALE/GAGE secondary standards is clearly very 
important. These secondary standards are stored in internally 
electropolished stainless steel tanks which have been drained of 
water to minimize any possible aqueous phase production or 
removal of N2O. The relative stability of N2O in different tanks 
is checked using a suite of specially maintained tanks which 
are periodically analyzed relative to the original secondary tank 
033 as described by Rasmussen and Lovelock [1983] (see their 
Table 1 for N2O). For the six oldest surviving members of this 
suite (tank numbers 022, 028, 032, 036, 004 and 017) measured 
(relative to tank 033) 9 years apart (1978 and 1987) the 1987 
N 2 0 values differed by -1.05 ± 1 32 ppbv or -035 ± 0.44% 
(lo) from the 1978 values which is not statistically different 
from zero. This result does not of course test whether tank 033 
itself is drifting. If the drift in the six test tanks relative to 
tank 033 is indicative of the magnitude of the possible drift in 
033 itself this implies the possibility of a linear downward drift 
in the secondary standards of -0.12 ± 0.15 ppbv yr -1 (-0.039 
± 0.049% yf *) or. alternatively, a quadratic downward drift of 
-0.013 ± 0.016 ppbv yr -2 (-0.0043 ± 0.0054% yr -2 ). where 
all uncertainties are lo. Again these possible drifts are not 
statistically different from zero but we make the caveat that the 
long-term trends reported in this paper may be biased because 
they depend on explicit assumptions concerning the stability of 
N2O in die above ALE/GAGE tanks. 

3. ALE/GAGE OBSERVATIONS 

Daily average N2O mixing ratios and their standard deviations 
determined from the measurements at five ALE/GAGE sites 
during the middle year (January-December 1983) of the 10 
years addressed in this paper are given in Figure 1. These 
results are illustrative of the data for this species. In this figure 
the times of calibration tank changes (and the calibration tank 
numbers) are indicated along the top of each graph. Objective 
and reliable techniques are used to recognize periods (typically 
less than a few days in duration) of local air pollution [Prinn 
et al., 1983]. Episodes of obvious local nitrous oxide pollution 
occur from time to time at Adrigole/Mace Head but are much 


rarer at the other sites. For the analyses undertaken in this paper, 
each stadon is intended to be indicative of the air between the 
surface and a pressure of 500 mbar in the semihemisphere in 
which it lies, so periods of obvious local nitrous oxide pollution 
are removed. On the other hand, as noted earlier, die polluted 
periods can be used to deduce information on local sources 
[Prather, 1985, 1988]. 

It is evident from Figure 1 that the daily N2O variability 
at the two 30*N-90°N sites (Ireland, Oregon) is generally 
greater than that at the other sites. This is evidence for large, 
spati ally-discrete regional sources (e.g., industrial, agricultural) 
at the latitudes of these stations not present to the same degree 
at the other stations. 

Figure 2 illustrates and Table 1 tabulates the monthly mean 
N2O mixing ratios and their monthly standard deviations for the 
entire 10-year period, July 1978 to June 1988. Gradual upward 
trends are evident at all sites with superimposed annual and 
longer period oscillations evident at some stations. Hie first 6 
months of data at each site represent a start-up phase for the 
field instrument and are generally less reliable than subsequent 
data. The first 4 months of data at Samoa, in which there exists 
a steady anomalously large increase from inception in July 1978, 
until a calibration tank change and an alteration of the sample 
loop size were made on November 10, 1978, are particularly 
suspect The other species analyzed on the Porasil D column 
(CFCI3, CF2CI2) also showed anomalously large increases at 
Samoa in this same time period. This will be considered in our 
analysis. A large portion of data at Adrigole, Ireland (February 
1979 to March 1980) unfortunately had to be discarded becanse 
of persistent instrumental problems evidenced by large variability 
in analyses of the calibration gas. There are also spuriously low 
values at Adrigole in April-June 1980 that are suspect but we 
have no obvious instrumental reason to discard them. 

The long-term variability in the monthly mean mixing ratio 
Xi at station i is described conveniently by an empirical model 
containing linear, quadratic, and cyclic (annual, quasi-biennial) 
temporal dependencies 

Xi = a, + bit + d,7 2 + Ci cos(2rt) + Sion(2xl) 

+ pi cos [(2x(r + 5)/i)] + 9, sin [(2x(r + 5)/x)] (1) 

in which t is time (in years) measured from the “midpoint" of 
the record (July 1, 1983) and x *= 235 years is the assumed 
period of the quasi-biennial oscillation Maximum likelihood 
estimates of a,-, di, Cj, r,\ pi, and 9, and their uncertainties 
are computed using an optimal estimation technique (see section 
5) and die results are shown in Table 2. A statistically 
significant quasi-biennia] oscillation is evident at Barbados (0.45 
ppbv amplitude) and at Tasmania (038 ppbv amplitude) but 
otherwise both annual and quasi-biennial oscillations are weak 
or insignificant at all sites. Based on the first 16 months of 
ALE/GAGE data at Oregon and die first 3 years of data at 
Tasmania, Khalil and Rasmussen [1983] concluded that large 
seasonal cycles exist in N2O but this conclusion is not supported 
by the subsequent data reported here. The 10-year averages of 
the mixing ratios (given by a,- + 8.33d,) and the trends (given 
by frj) at the Oregon, Barbados, Samoa, and Tasmania stations 
are 302.9 ppbv and 0.91 ± 0.03 ppbv yr -1 (lo), respectively, 
implying a “global” trend in N2O of 030 ± 0.01% yr -1 (lo). 
Positive values for di at three of the five stations suggest that 
the N2O increase is accelerating at a rate of about 0.03 ± 0.01 
ppbv yr -2 (lo) or about 0.01 ± 0.003% yr -2 (lo) over the 
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Fig. 1. Daily avenge NjO mixing ratios (ppbv) and their standard deviations determined from high-frequency, real-time measurements using the 
ALE (HP 5840) gas chromatograph at the five ALE/GAGE sites during the middle year (1983) of the experiment The available GAGE (HP 5880) 
d*a at Th.iriM.ia for 1983 are not shown here bn ate included in Table 1 and Figure 2. The random offsets, which occur occasionally at the times of 
the on-site calibration tank changes (tank numbers are indicated at the top of each panel), are due to the finite accuracy with which individual tanks 
are prepared in ALE/GAGE. 
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TABLE 1. Monthly Mein Mixing ratio % (ppbv), Standard Deviations a (ppbv), and Number of Measurements Each Month N at the ALE/GAGE 

sites over the period July 1978 to June 1988 


Ireland Oregon Barbados Samoa Tasmania 


Year 

Month 

X 

0 

N 

X 

a 

N 

X 

a 

N 

X 

a 

N 

X 

o 

N 

1978 

7 

301.5 

1.7 

294 





296.6 

1.7 

85 

293.8 

2.6 

43 

297.8 

3.1 

59 

1978 

8 

299.2 

26 

241 


— 


298.8 

1.7 

102 

292.7 

1.6 

77 

298.5 

14 

84 

1978 

9 

299.9 

1.8 

279 


— 


298.6 

2.0 

136 

294.4 

2.1 

97 

297.8 

14 

65 

1978 

10 

301.4 

20 

275 


— 


298.9 

15 

84 

294.8 

2.7 

70 

298.2 

1.7 

49 

1978 

11 

300.8 

1.7 

211 


— 


299.4 

1.0 

86 

297.6 

2.0 

59 

2995 

1.1 

78 

1978 

12 

301.0 

1.6 

93 


— 


2985 

12 

106 

300.1 

15 

48 

297.2 

1.4 

92 

1979 

1 

301.8 

1.9 

12 





2992 

1.1 

96 

300.1 

1.4 

23 

299.2 

15 

58 

1979 

2 


— 



— 


300.8 

15 

94 

300.1 

15 

96 

299.0 

0.8 

104 

1979 

3 


— 



— 


299.7 

12 

76 

299.7 

0.9 

117 

298.8 

07 

112 

1979 

4 


— 



— 


301.0 

0.9 

4 

299.6 

0.8 

111 

298.6 

0.7 

120 

1979 

5 


— 



— 


3002 

0.7 

76 

2995 

0.8 

104 

298.6 

15 

117 

1979 

6 


— 



— 


300.1 

0.8 

42 

299.0 

0.7 

114 

299.5 

05 

112 

1979 

7 


— 



— 


299.6 

1.0 

92 

299.4 

0.8 

116 

299.4 

08 

98 

1979 

8 


— 



— 


2995 

0.9 

103 

2995 

0.9 

112 

299.1 

05 

118 

1979 

9 


— 



— 


299.8 

0.7 

110 

2992 

1.8 

113 

299.3 

0.6 

115 

1979 

10 


— 



— 


3002 

0.8 

107 

2995 

1.1 

115 

299.0 

0.6 

114 

1979 

11 


— 



— 


300.0 

0.9 

75 

- 3005 

1.1 

122 

299.1 

07 

113 

1979 

12 


— 



— 


300.0 

0.9 

112 

299.7 

15 

116 

299.1 

06 

85 

1980 

1 









3002 

0.8 

108 

299.9 

1.7 

91 

299.2 

07 

95 

1980 

2 


— 



— 


299.4 

0.8 

90 

3005 

1.1 

111 

299.3 

06 

73 

1980 

3 


— 


301.1 

1.1 

18 

2995 

05 

104 

299.9 

1.0 

112 

299.2 

06 

119 

1980 

4 

297.1 

3.2 

41 

301.0 

1.5 

72 

299.8 

0.7 

96 

299.9 

0.8 

92 

299.3 

08 

79 

1980 

5 

294.0 

4.3 

113 

300.8 

1.5 

89 

3005 

0.8 

105 

299.7 

0.8 

102 

299.7 

08 

88 

1980 

6 

295.3 

4.7 

107 

301.0 

1.4 

104 

300.9 

0.8 

106 

299.8 

1.0 

82 

299.5 

07 

83 

1980 

7 

297.9 

21 

110 

300.7 

1.4 

79 

3015 

0.8 

97 

299.7 

1.0 

109 

299.6 

07 

102 

1980 

8 

298.1 

1.7 

115 

300.5 

1.5 

78 

300.9 

15 

56 

2995 

1.1 

91 

299.7 

06 

100 

1980 

9 

298.6 

22 

102 

300.9 

1.6 

89 

3025 

22 

88 

299.7 

1.0 

78 

300.6 

08 

74 

1980 

10 

300.6 

1.4 

99 

300.6 

1.7 

99 

302.9 

12 

63 

2995 

0.6 

13 

300.1 

07 

49 

1980 

11 

301.0 

1.8 

116 

300.3 

1.4 

110 

3015 

0.7 

93 

3002 

1.0 

56 

300.5 

0.6 

112 

1980 

12 

299.9 

24 

117 

300.4 

1.3 

105 

300.6 

1.0 

80 

300.0 

0.9 

94 

301.0 

0.6 

88 

1981 

1 

298.6 

26 

119 

300.8 

1.3 

129 

300.7 

0.8 

92 

3005 

0.4 

32 

300.6 

0.7 

53 

1981 

2 

298.6 

26 

109 

300.6 

1.5 

104 

300.6 

0.8 

81 


— 


299.3 

05 

39 

1981 

3 

298.5 

1.9 

98 

300.6 

1.5 

114 

3005 

0.8 

76 


— 


299.6 

0.7 

94 

1981 

4 

300.9 

23 

114 

300.9 

1.3 

114 

301.0 

1.0 

83 


— 


299.7 

08 

67 

1981 

5 

300.6 

1.3 

74 

3015 

1.7 

110 

3005 

1.0 

77 

300.4 

1.4 

82 

299.1 

09 

101 

1981 

6 

300.2 

1.9 

61 

300.8 

1.1 

110 

3002 

0.7 

84 

3005 

1.1 

104 

298.7 

07 

66 

1981 

7 

299.8 

1.5 

107 

300.7 

1.2 

111 

300.0 

0.9 

69 

299.4 

22 

69 

298.4 

06 

59 

1981 

8 

300.7 

1.5 

97 

301.3 

1.2 

110 

3005 

0.7 

89 

300.4 

1.7 

103 


— 


1981 

9 

301.1 

1.9 

89 

301.4 

1.1 

114 

300.7 

0.9 

89 

3002 

15 

65 

299.4 

07 

80 

1981 

10 

301.4 

1.3 

97 

301.7 

1.3 

116 

301.0 

0.9 

97 

299.8 

1.7 

94 

299.7 

05 

76 

1981 

11 

301.8 

1.3 

117 

301.7 

1.4 

85 

3015 

0.9 

87 

300.4 

1.1 

58 

300.2 

05 

106 

1981 

12 

301.9 

1.6 

105 

301.8 

20 

104 

300.7 

0.7 

108 

3005 

1.4 

93 

300.9 

08 

384 

1982 

1 

303.2 

1.3 

113 

302.0 

1.4 

100 

300.6 

05 

99 

3012 

15 

68 

300.9 

07 

360 

1982 

2 

303.5 

1.2 

104 

302.3 

1.5 

72 

300.7 

0.6 

75 

3022 

1.0 

61 

300.9 

07 

396 

1982 

3 

303.8 

1.1 

97 

302-5 

1.6 

111 

301.0 

0.9 

95 

302.1 

1.1 

68 

301.0 

07 

368 

1982 

4 

304.3 

1.1 

113 

3023 

1.5 

103 

302.8 

0.9 

84 


— 


301.1 

09 

414 

1982 

5 

303.7 

1.7 

40 

3025 

1.7 

60 

303.7 

0.8 

95 


— 


301.6 

06 

417 

1982 

6 

304.7 

1.4 

106 

3025 

1.4 

113 

3045 

0.9 

86 

303.6 

1.6 

7 

301.9 

06 

430 

1982 

7 

304.1 

1.7 

117 

302.4 

1.2 

112 

303.9 

1.4 

52 

302.0 

1.7 

90 

3010 

05 

447 

1982 

8 

303.7 

1.7 

113 

302.5 

1.3 

113 

3025 

0.9 

77 

3025 

1.4 

104 

3012 

05 

379 

1982 

9 

303.3 

1.8 

109 

302.8 

1.2 

100 

302.9 

0.8 

97 

302.1 

0.7 

107 

3013 

1.1 

421 

1982 

10 

302.7 

1.8 

116 

303.1 

1.3 

94 

303.0 

0.8 

70 

302.1 

0.6 

116 

3012 

15 

466 

1982 

11 

303.1 

1.2 

100 

302.8 

1.1 

89 

3032 

0.8 

104 

3022 

0.8 

110 

3012 

15 

411 

1982 

12 

303.4 

1.2 

121 

3026 

1.0 

65 

3035 

0.8 

105 

3025 

0.7 

122 

3011 

1.1 

473 

1983 

1 

303.3 

1.2 

102 

302.3 

1.4 

118 

302.9 

05 

101 

3025 

0.8 

121 

3013 

15 

470 

1983 

2 

304.1 

1.5 

98 

3022 

1.4 

100 

303.1 

0.6 

100 

302.0 

0.8 

87 

3012 

1.1 

334 

1983 

3 

304.0 

1.3 

121 

302.0 

1.3 

91 

3035 

0.6 

103 

301.7 

0.7 

95 

3013 

09 

473 

1983 

4 

304.2 

1.3 

108 

302.1 

1.4 

98 

303.0 

0.6 

98 

3015 

0.9 

100 

3013 

08 

461 

1983 

5 

304.2 

1.3 

115 

3023 

1.2 

97 

3022 

0.7 

91 

3015 

0.7 

106 

3014 

1.0 

462 

1983 

6 

303.9 

1.8 

112 

3035 

1.2 

109 

301.1 

0.7 

97 

301.6 

0.8 

101 

3013 

1.0 

460 
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TABLE 1. (continued) 


Ireland Oregon Barbadot Samoa Tasmania 


Year 

Month 

X 

o 

N 

X 

0 

N 

X 

0 

N 

X 

0 

N 

X 

0 

N 

1983 

7 

302.9 

1.8 

74 

303.4 

1.1 

104 

301.7 

0.8 

85 

301.6 

0.9 

121 

30X3 

09 

439 

1983 

8 

303.2 

1.5 

93 

303.2 

1.1 

99 

302.6 

0.8 

102 

30X8 

06 

118 

30X4 

1.2 

475 

1983 

9 

303.3 

1.5 

114 

302.0 

1.3 

444 

30X4 

0.6 

82 

30X9 

0.7 

114 

30X2 

1.4 

439 

1983 

10 

302.4 

1.4 

109 

302-2 

1.2 

391 

302.6 

0.6 

81 

3026 

0.6 

120 

30X4 

15 

484 

1983 

11 

303.2 

1.2 

112 

302.5 

13 

351 

30X6 

03 

94 

30X9 

0.7 

116 

30X5 

1.4 

389 

1983 

12 

302.9 

1.0 

122 

30X7 

0.9 

327 

30X5 

0.6 

103 

3032 

0.7 

119 

30X6 

1.4 

478 

1984 

1 





30X6 

05 

24 

30X5 

0.6 

102 

303.4 

0.7 

123 

30X5 

15 

404 

1984 

2 





303.0 

0.9 

369 

30X7 

03 

90 

30X9 

0.8 

113 

30X5 

1.8 

372 

1984 

3 





30X7 

08 

445 

302.8 

03 

74 

30X4 

0.7 

116 

30X2 

15 

440 

1984 

4 


— 


303.1 

0.8 

424 

30X5 

0.7 

82 

30X5 

0.6 

110 

30X4 

IX 

441 

1984 

5 


— 


303.6 

09 

354 

30X9 

0.6 

96 

302.2 

0.8 

119 

303.8 

0.9 

461 

1984 

6 


— 


303.6 

1.0 

418 

303.4 

03 

91 

30X3 

0.7 

114 

303.7 

0.9 

383 

1984 

7 





3035 

1.0 

328 

303.3 

0.6 

80 

302.3 

0.7 

115 

303.8 

0.9 

382 

1984 

8 


— 


303.8 

0.7 

279 

303.8 

0.8 

93 

302.3 

0.7 

119 

304.0 

0.9 

439 

1984 

9 


— 


303.7 

05 

329 

304.6 

0.7 

109 

302.6 

0.7 

119 

304.1 

1.0 

442 

1984 

10 


— 


303.9 

05 

251 

3053 

0.7 

102 

302.4 

0.6 

86 

304.1 

1.0 

473 

1984 

11 


— 


304X 

0.5 

245 

305.8 

0.7 

106 

30X5 

0.9 

104 

304.0 

0.8 

445 

1984 

12 


— 


304.1 

05 

350 

3053 

0.7 

107 

303.3 

0.8 

119 

304.1 

0.8 

478 

1985 

1 




304.3 

0.5 

300 

3053 

0.7 

107 

303.4 

1.0 

119 

304.5 

06 

383 

1985 

2 





3043 

0.6 

280 

3053 

0.6 

97 

3042 

0.9 

104 

3046 

06 

325 

1985 

3 


— 


304.4 

0.6 

304 

3053 

0.8 

114 

304.0 

0.9 

109 

304.4 

06 

491 

1985 

4 





3053 

0.7 

289 

305.8 

0.7 

98 

303.9 

1.0 

120 

304.5 

0.7 

475 

1985 

5 


— 


3052 

0.8 

246 

3063 

0.6 

109 

304.0 

1.1 

113 

304.6 

0.7 

481 

1985 

6 


_ 


3043 

0.7 

296 

3063 

0.7 

72 

303.8 

0.8 

107 

304.5 

07 

442 

1985 

7 





305.6 

1.0 

225 

305.8 

03 

19 

304.3 

0.9 

221 

304.9 

0.6 

353 

1985 

8 




3053 

07 

191 

305.2 

0.7 

297 

3042 

0.8 

382 

304.7 

0.7 

230 

1985 

9 





3053 

0.7 

241 

3053 

0.6 

269 

3043 

0.8 

277 

304.5 

05 

299 

1985 

10 





305.8 

0.7 

266 

306.1 

0.6 

194 

3055 

0.9 

231 

304.6 

05 

361 

1985 

11 





305.8 

0.7 

226 

3053 

03 

422 

304.9 

0.7 

512 

304.6 

0.6 

252 

1985 

12 


— 


306.1 

06 

189 

3053 

0.6 

431 

3052 

0.7 

545 

304.7 

0.6 

355 

1986 

1 





305.9 

06 

214 

306.0 

0.8 

400 

3052 

0.9 

451 

304.8 

07 

359 

1986 

2 


— 


306.6 

07 

292 

3063 

0.9 

360 

305.4 

0.8 

402 

304.6 

06 

316 

1986 

3 





307.0 

08 

232 

306.6 

1.1 

401 

305.6 

1.2 

340 

3045 

0.7 

364 

1986 

4 


— 


307.1 

08 

202 

307.1 

1.4 

242 

305.7 

1.4 

427 

305.2 

XI 

309 

1986 

5 


— 


306.2 

08 

210 

305.9 

0.7 

230 

3055 

13 

265 

305.4 

X4 

299 

1986 

6 


— 


3063 

0.7 

276 

306.8 

03 

286 

306.7 

0.9 

76 

305.8 

1.8 

321 

1986 

7 





306.9 

0.7 

300 

306.9 

0.7 

303 

306.1 

0.7 

69 

306.1 

1.7 

344 

1986 

8 


___ 


3073 

08 

307 

307.0 

0.8 

317 

306.0 

0.6 

237 

305.9 

X9 

295 

1986 

9 





307.4 

1.0 

185 

307.1 

0.7 

303 

306.4 

0.8 

245 

306.2 

1.9 

323 

1986 

10 





307.8 

13 

341 

306.8 

1.0 

324 

3066 

0.7 

337 

305.3 

1.8 

134 

1986 

11 





307.1 

13 

269 

306.8 

0.7 

326 

306.4 

0.8 

285 

305.9 

X4 

180 

1986 

12 


— 


306.8 

1.4 

277 

307.0 

1.0 

222 

'3062 

0.8 

341 

306.0 

1.7 

333 

1987 

1 

305.8 

0.6 

105 

3073 

1.1 

191 

3073 

10 

320 

3062 

0.8 

220 

306.0 

1.7 

336 

1987 

2 

305.5 

0.6 

175 

306.8 

0.9 

215 

307.2 

0.8 

302 

306.1 

1.1 

210 

305.8 

XO 

309 

1987 

3 

305.2 

0.7 

280 

3073 

1.0 

275 

307.0 

03 

290 

3063 

0.8 

244 

306.0 

1.4 

340 

1987 

4 

305.6 

07 

259 

307.9 

13 

217 

307.1 

0.7 

313 

305.9 

12 

271 

306.0 

15 

257 

19*7 

5 

305.5 

04 

309 

308.0 

XO 

268 

307.1 

0.7 

264 

3063 

1.1 

307 

306.0 

15 

334 

1987 

6 

305.3 

03 

351 

3073 

1.7 

304 

306.8 

0.8 

53 

306.9 

0.9 

271 

306.3 

15 

346 

1987 

7 

305.2 

04 

343 

307.1 

1.7 

316 

306.4 

0.6 

294 

306.9 

0.9 

358 


— 


1987 

8 

305.2 

04 

326 

307.4 

1.6 

336 

306.6 

0.7 

333 

306.8 

1.4 

369 

305.9 

1.1 

199 

1987 

9 

305.8 

04 

351 

307.4 

13 

267 

3073 

0.6 

320 

306.9 

0.9 

331 

305.7 

IX 

345 

1987 

10 

305.9 

05 

278 

308.1 

1.4 

302 

307.8 

0.7 

336 

3065 

1.0 

89 

306.0 

1.1 

303 

1987 

11 

306.0 

04 

257 

308.1 

1.2 

285 

307.6 

03 

232 

307.0 

0.7 

316 

305.6 

1.4 

324 

1987 

12 

306.2 

04 

170 

308.0 

1.3 

145 

3073 

0.6 

368 

3073 

13 

338 

305.8 

16 

345 

1988 

1 

306.0 

05 

271 

3082 

12 

261 

3073 

0.6 

350 

307.4 

12 

355 

306.1 

1.4 

277 

1988 

2 

305.8 

05 

297 

308.4 

1.2 

262 

307.4 

0.7 

321 

3063 

15 

316 

305.4 

X0 

338 

1988 

3 

305.4 

04 

308 

3083 

13 

321 

307.0 

0.7 

338 

307.8 

0.9 

323 

305.5 

1.9 

293 

1988 

4 

305.9 

07 

318 

308.7 

1.9 

339 

307.1 

0.6 

317 

3082 

1.0 

312 

3055 

15 

60 

1988 

5 

306.2 

06 

328 

3092 

1.4 

117 

307.0 

0.4 

356 

3073 

1.0 

201 

306.6 

16 

69 

1988 

6 

306.3 

05 

335 

3092 

1.6 

315 

307 X 

0.6 

342 

307.7 

1.1 

341 

306.3 

16 

304 


For Oregon (beginning September 1983), Barbados (begiiming August 1985), Samoa (beginning July 1985), and Tasmania (beginning July 1981), 
the ALE (HP 5840) and GAGE (HP 5880) monthly data are combined by weighting equally ALE and GAGE monthly means to determine % and 
ALE and GAGE individual measurements to determine 0. The calibration factor ( = 0.90 is included here. 




Mixing ratio %±G (ppbv) 
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Fig. 2. Moodily mum N 2 O mixing ratios (ppbv) and their standard deviation! for the fint 10 yeah of ALE/GAGE at die five ALE/GAGE rites. Data 
for die Adrigde, Ireland (1978-83) and MaceHead, Ireland (1987-88) sites are shown on the same graph. ALE (HP 5840) and GAGE (HP 5880) data 
combined where they overlap as described in Table 1. 
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TABLE 2. Optimally Determined Coefficients (±lo Uncertainties) in Our Empirical Model for the 1978-1988 Monthly Mean NjO Dau in Table 1 


Site 

a, 

ppbv 

bi 

ppbv yr -1 

<U 

ppbvyr" 1 

Ci 

ppbv 

Si 

ppbv 

Pi 

ppbv 

* 

ppbv 

Adrigole/Maoe Head, Ireland* 

303.0±0.7 

0.76±0.17 

-0.02±0.06 

-032±0.26 

0.00±0.27 



Cape Meares, Oregon 1 

3Q2.8±02 

0.94±0.07 

0.07±0.03 

0.08 ±0.08 

0.01 ±0.08 

-0.10±0.15 

-0.06±0.15 

Ireland phis Oregon* 

303.0±03 

0.88±0.08 

0.04±0.03 

-o.io±ai 2 

008±0.12 

-020±0.26 

0.15±a26 

Ragged Point, Barbados* 

303.1±0.3 

0.94±0.06 

0.01 ±0.02 

-0.07±0.10 

0.04±0.10 

0.02±0.21 

0.45±0.21 

Point Mata tula. Samoaf 

302.2±02 

0.91±0.04 

0.06±0.02 

-0.16±0.16 

-0.07±0.16 

-0.02±ai6 

0.09±0.16 

Cape Grim, Tasmania* 

302.4±02 

0.9OL0.Q5 

-0.00±0.02 

aoo±o .08 

aio±o.o8 

-0.08±0.15 

-0.28±0.15 


The calibration factor ( = 0.90 ii included here. The men concentration ii given by a,- + 8.33d, and the mean trend by 6,-. 
• July 1978 to June 1988. 
t March 1980 to June 1988. 
j January 1979 to June 1988. 


1978-1988 time period. The stability of the secondary standards 
discussed in section 2 implies possible positive biases in these 
global trends (bi) and trend increase (<£) of 0.04 ± 0.05% yr -1 
(la) and 0.004 ± 0.005% yr -2 (la), respectively. Larger biases 
cannot be ruled out as discussed earlier. 

The above mean linear trends bi can be comp ar ed to those 
measured by (1) Weiss [1981] in real-time at oceanic localities 
(45® N to 65® S), Barrow (Alaska), Mauna Loa (Hawaii), and 
South Pole (0.17 ± 0.04% yr -1 (2o) or 0.52 ± 0.12 ppbv 
yr -1 (2o) over the 1976-1980 time period); (2) Khalil and 
Rasmussen [1983] using the early data from two of the five 
ALE stations (Cape Grim from July 1978 to June 1981; Cape 
Meares from January 1980 to June 1981) (0.30 ± 0.1% yr -1 
(90% confidence) or 0.8 ± 0.3 ppbv yr -1 (90% confidence)); (3) 
Rasmussen and Khalil [1986] using January flask collections in 
fire Pacific Northwest and South Pole (0.34 ± 0.05% yr -1 (90% 
confidence) or 1.04 ± 0.14 ppbv yr -1 (90% confidence) over 
the 1975-1985 time period); (4) W. Komhyr et aL (unpublished 
manuscript, 1987) from periodic flask sampling in Colorado 
and at four globally distributed NOAA/GMCC stations (0.23 ± 
0.07% yr -1 (2o) or 0.68 ± 0.20 ppbv yr -1 (2c) over the 1977- 
1984 time period). Taking into account the stated uncertainties 
and possible biases in the ALE/GAGE trends and the tentative 
evidence from the ALE/GAGE data for an accelerating rate of 
increase for tyO, the ALE/GAGE trends do not contradict the 
smaller trends reported by Weiss [1981] and W. Komhyr et al. 
(unpublished manuscript, 1987). Because the same secondary 
standards are used, the surprisingly poor agreement at the lo 
level between ALE/GAGE and Rasmussen and Khalil [1986] 
may result simply from the fact that the Rasmussen and Khalil 
[1986] flask collections were infrequent and made at only two 
stations. 


4. A Priori Emissions Estimates 

While a wide variety of sources for atmospheric NjO have 
been identified, the relative importance of these sources on a 
global scale and their temporal and spatial variations are in 
general neither well quantified nor well understood. Because 
of these inadequacies, it is not presently possible to provide 
sufficient constraints on N2O emissions to enable accurate 
determinations of the N2O atmospheric lifetime from the 
ALE/GAGE data. We can however answer the following 
questions: are present ideas on emissions consistent with the 


measurements al the ALE/GAGE sites and with present ideas on 
atmospheric sinks for N2O? 

For the latter purpose we have formulated an a priori model 
for emissions based on a number of recent papers which 
address the following individual N2O sources: fossil fuel 

combustion, biomass burning and land clearing, fertilized soiL 
natural temperate soil, natural tropical soil, and oceans. The 
first and third of these sources are anthropogenic, die second is 
predominantly anthropogenic, and the last three are natural. For 
convenience the annual inputs /; into each semihemisphere (see 
Figure 3) in the year Y are expressed in terms of the annual 
global emissions Ej associated with the above six surface source 
types using 


j -6 

li=J2 *i E i <*=1.3, 5, 7) (2) 

i - l 

where ay is the fraction of Ej emitted into semihemisphere i. 

Global N2O annual emissions from fossil fuel combustion 
(designated here as E\) have long been suggested as one 
of the major contributors to total N2O emission [Pierotti and 
Rasmussen, 1976; Weiss and Craig, 1976]. Also, because Ej 


E 
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Fig. 3. Schematic of the nine-box two-dimensional model at die atmo- 
sphere used in the data inversion technique. Values at die eddy diffusion 
times (/y) and inverse advection times (Vy, W) from Cwutotd et al. [1983] 
but with certain adjustments as described in the text Inputs U assumed to 
occur directly into boxes 1, 3, 5, and 7. 
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is generally increasing with time, this combustion is a possible 
major cause for the observed upward trend in atmospheric 
N 2 O [Hao et al., 1987], We have specifically chosen values 
for Ei in each year Y (see Table 3) consisting of a smooth fit 
(using exponential and linear functions of Y) to the estimates 
by Hao et al. [1987]. The fractions of £1 assigned to 
each semihemisphere (see Table 4) are assumed proportional 
to 0.83 x (coal consumption) plus 0.17 x (oil consumption) 
in each semi hemisphere. Coal and oil consumption data 

for relevant countries were taken from Cleveland [1987] and 
weights applied to coal and oil for N 2 O production were taken 
from the experimental study by Hao el al. [1987] which 
demonstrated the dominant role of nitrogen in coal as a source 


of N 2 O during combustion. Note from Table 4 that the fossil 
fuel combustion source for N 2 O is strongly concentrated in the 
30°N-90°N semihemisphere (and indeed Prather [1988] deduces 
an N 2 O industrial source of about 1.3 x 10 12 g N 2 O yr _1 from 
Europe alone); this will be important in our subsequent analysis. 
The emissions from fossil fuel combustion estimated by Hao el 
al. [1987] have been questioned recently by Mioio and Kramlich 
[1988], who report formation of N 2 O (apparently from NO, SO 2 , 
and H 2 O) in sampling containers of the type used by Hao et al. 
[1987] to collect combustion effluents. Therefore we explore in 
this paper the extent to which decreases in E\ provide a better 
explanation for the ALE/GAGE data. 

Global N 2 O annual emissions from biomass burning are 


TABLE 3. A Priori Estimate! of Annual Global NjO Emiiiions in Varioui Categoric! 


Emission Source 


Emission Source 


Emission Strength, 10 12 g N 2 O yr -1 

Reference 

Emission Strength, 10 12 g N 2 O yr -1 

Reference 

Fossil fuel combustion (£;) 

Tropical land disturbance (Ej) 

2J-4.8 (1978) 


Weiss [1981] 

0. 8-7.5 (burning) 

Crutzen et al. [1985] 

1.0(1910), 2.3 (1955), 

5.0 (1982) 

Hao et al. [1987] 

0J-0.9 (burning) 

Crutzen et al, [1989] 

1.0 x expdT —19101/20) 

(before 1910) 

RUN A,u 

1.3-2.0 (sod) 

Luisaoeial. [1989] 

1.0+ 13x(r-1910)/45 

(1910-1955) 

RUN Aju ^ 

2.5 x exp(-l) (before 1946) RUN A m p) 

2J + 2.7x(y -1955)/27 

(1955-1988) 

RUN A,u 0>2) 

2.5 x exp( [Y -1982] /36) (after 1946) RUN A m (u) 

1/4 X Etot 


RUN B tif 

1/8 x£m 

RUN Bim 

0.5 x E, (RUN Am) 


RUN Asm 

2 x £2 (RUN Aim) 

RUN Aim 

1/8 x Hue 


RUN Bim 

V4x Em 

RUN Bim 

02S x E, (RUN A lu ) 


RUN Asm 

2.5 x £2 (RUN Aim) 

RUN Ajm 

0.1 x E, (RUN Am) 


pm Asm 

12 x £2 (RUN Aim) 

RUN Asm 

Fertilizer use (E 3 ) 


Natural temperate soil (Es) 

0.02-3.5 


SUmr et al. [1984] 

< 0.8® 

Keller ei al. [1983] 

0.6-1.9 


Keller el al. [1986] 

Z4 

SUmr et al. [1984] 

0.0 (before 1946) 

RUN A,m. Am, A S m M 

1.1— 4.7 

Schmidt et al. [1988] 

1.5 x (T -1946)/36 (after 1946) 

RUN Aim,A 2 M,A 3 m M 

1.0 

RUN Aim. A 2 m. Ajir. Asm 

3/40 x Em 


RUN Ejm. B2M 

1/20 x£« 

RUN B/tf, Bju 

8/3 x £j (RUN A, u ) 


RUN Asm 



Ocean (Es) 


Natural tropical sod (Es) 

u 

Elkins et al. [1978] 

4.7 

SUmr et al. [1984] 

6-16 

Cohen and Gordon [1979] 

4.9-14 

KeUer et al. [1986] 

< atmospheric loss rate ( ^ 

Weiss [1981] 

4-3® 

Livingston et al. [1988] 

4.0 

RUN Ajm, Ajm, Asm, Asm 

52 

Matson and Viiousek [1989], 
Vitousek [1989]® 

1/S x Em 

RUN Bim, Pjm 

6.0 

RUN Aim, Asm. Ajm 



1 25 x Ej (RUN Aim) 

RUN Asm 



3/10 x £m 

RUN B 2 M 




(1) Y = year (AJ).). 

(2) Piecewise fit to Hao et al. [1987]. 

(3) Assumed to be constant, natural rate before 1946 and to increase exponentially after 1946 with an inverse r-foiding time given by the sum 
of 0.68 x (inverse e-folding time for combined populations of Nigeria, Zaire, Tanzania, and Kenya), 0.22 x (inverse f -folding time for combined 
papulations of Indonesia, Vietnam, and Thailand), and 0.10 x (inverse (-folding time for combined populations of Brazil and Mexico). The (-folding 
times are computed for the period 1950-1986 using population dau from Cleveland [1987], and the weights given to die three regions are equated to 
the 1976 fractions of the total tropical population practicing shifting cultivation attributable to Africa, Southeast Asia, and Central and South America 
[Logan et al., 1981]. 

(4) Assumed to increase linearly between 1950 and 1986 by the same factor as world chemical fertilizer use in creased between 1950 and 1986 
[Brown el al., 1987]. 

(5) Obtained by multiplying maximum annual mean flux at Hubbard Brook NH [ Keller et al , 1986] by the global area of temperate forest and 
grassland, boreal forest, and woodland (33 x 10* km 1 2 3 4 5 6 7 [ Leith, 1975]). 

(6) Obtained by multiplying mean flux measured in certain Amazonian forest ecosystems [Livingston et al „ 1988] by the global ares of tropical 
ram and ningreen forests (24.5 x 10* km 2 [Leith, 1975]). 

(7) Atmospheric lots rate (13-16) x 10 12 g N 2 O yr - * for current atmospheric lifetime of 150-182 yean. 

OB) Obtained by adding Matson and Vaouseks [1990] estimate of 3.8 x 10 1 * g N 2 O yr -1 from evergreen tropical forests and P. VUousek's (private 
communication, 1989) estimate of 1.4 x 10 12 g NjO yr -1 from ningreen tropical forests. 
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TABLE 4. Fractions a;j of Annual Global N 2 O Emissions Ej Released in Semihemisphere i in All Model Runs 




4 “ 

(Fossil Fuel) 

(Land Disturbance) 

4 > 

(Fertilized Soil) 

4 * 

(Temperate Soil) 

4 * 

(Tropical Soil) 

4 » 

(Ocean) 

/l 

30 S N-90*N 

0.860 

0 

032 

0.92 

0 

0.18 

h 

0®-30*N 

0.089 

037 

037 

0 

035 

0.25 

h 

30“S-0° 

0.024 

0.43 

0.10 

0 

0.45 

0.27 

h 

90°S-30*S 

0.027 

0 

0.01 

0.08 

0 

0.30 


(1) Assumed proportional to 0.83 x (coal consumption) plus 0.17 x (oil consumption) in each semihemisphere. Coal and oil consumption data for 
relevant countries taken from Cleveland [1987] for the yean 1984-1985 and weights applied to coal and oil for N 2 O production taken from Hao el al. 
[1987], 

(2) Assumed proportional to populations of principal countries practicing shifting cultivation in each tropical semihemisphere (see Table 3, footnote 3). 

(3) Assumed proportional to population in each semihemisphere. 

(4) Assumed proportional to un glaciated land area in each temperate semihemisphere. 

(5) Assumed proportional to land area in each tropical semihemisphere. 

(6) Assumed proportional to oceanic area in each semihemisphere. 


dominated by the burning associated with the so-called “shifting” 
agriculture practiced in certain tropical and subtropical regions 
[Seiler and Crulzen, 1980] and are much more poorly quantified 
than those from fossil fuel burning. Estimates by Crulzen et 
al. [1985], which supersede the earlier larger estimates given by 
Seiler and Crulzen [1980], suggest global annual N 2 O emission 
of US x 10 12 g N 2 O yr" with a large (factor of 3) uncertainty. 
Recent measurements of N 2 O emissions in laboratory-scale 
biomass fires have lead Crulzen et al. [1989] to lower further 
their estimates of these latter emissions to (0.2-0.9) x 10 12 g 
N 2 O yr -1 ; at the same time recent measurements [Luizao et al-, 
1989; P. Vitousek, private communication, 1988; Matson el d., 
1987; Anderson et d., 1988] indicate that N 2 O emissions from 
the disturbed soil produced as a result of tropical land clearing 
and/or biomass burning may provide a global N 2 O source of 
(13-2) x 10 12 g N 2 O yr . We will adopt a value for die 
sum Ez of the biomass burning and disturbed soil sources of 
23 x 10 12 g N 2 O yr -1 for Y = 1982 in our a priori modeL 
For the temporal variation of Ez we take the fractional trend 
in the combined populations of (1) Nigeria, Zaire, Tanzania, 
and Kenya, (2) Indonesia, Vietnam, and Thailand, and (3) 
Brazil and Mexico as indicative, respectively, of the trends 
in (agriculturally related) land clearing and biomass burning 
in (1) equatorial Africa, (2) equatorial Southeast Asia, and 
(3) equatorial Central and South America. Specifically Ez 
is assumed to vary exponentially with year Y (see Table 3) 
with an inverse e-folding time given by the sum of 0.68 x 
(inverse e-folding time for populations of the relevant African 
nations), 032 x (inverse e-folding time for populations of 
relevant Southeast Asian nations), and 0.10 x (inverse e-folding 
time for populations of relevant Central and South American 
nations). The e-folding times are computed for the period 
1950-1986 using population data from Cleveland [1987], and 
the weights given to the three regions are equated to the 
1976 fractions of the total tropical population practicing shifting 
(biomass burning) cultivation attributable to Africa, Southeast 
Asia and Central/South America as estimated by Logan et d. 
[1981], In the absence of detailed information, the fraction 
of Ez assigned to each of the two tropical semihemispheres is 
simply assumed to be proportional to the populations of the 
above nine principle countries practicing shifting agriculture in 
each semihemisphere (Table 4). Very similar fractions would 
result from assuming proportionality to the land areas in each 
tropical semihemisphere. Prior to 1946, Ez is assumed to be 
constant representing “natural" biomass burning. 


Nitrous oxide emission (E 3 ) due to microbial activity in 
fertilized agricultural soils is a third identifiable anthropogenic 
source. Recent measurements indicate that this emission is not 
as large a contributor to the global total as once proposed, 
but fertilization of certain tropical soils could make this source 
more important in the future (see [Keller et d-, 1988]). Based 
on experimental studies of fertilized soils, Slemr et d. [1984] 
deduce £3 <= (1.74 ± 1.72) x 10 12 g N 2 O yr -1 while Keller et 
d. [1986] estimate £3 = (1.26 ± 0.63) x 10 12 g N 2 0 yr" 1 . 
We will adopt the average of these two values £3 ■ 13 x 
IQ 12 g N 2 O yr -1 for Y ■ 1982. For the temporal variation of 
fertilized soil emissions (Table 3) we will assume reasonably 
that £3 increases linearly between 1950 and 1986 by the same 
factor as world chemical fertilizer use increased between 1950 
and 1986 [Brown et d., 1987] and that £3 was negligible prior 
to 1946. The fractions of £3 assigned to each semihemisphere 
(Table 4) are taken to be proportional to the total population in 
each semihemisphere. 

Measurements of emission (£ 4 ) due to microbial activity in 
natural temperate soils vary widely depending on location and 
time. If we multiply the maximum annual mean flux measured 
at Hubbard Brook [Keller et d., 1986] by the combined global 
areas of temperate forest and grassland, boreal forest, and 
woodland (33 x 10 s 1cm 2 [Leith, 1975] we obtain £4 <0.1 x 
10 12 g N 2 O yr -1 . In contrast, Slemr et d. [1984] estimate £4 
■ 2.4 x 10“ g N 2 O yr -1 and Schmidt et d. [1988] deduce 
£4 - (1. 1-4.7) x 10 12 g N 2 O yr -1 based on extrapolating 
measurements in German and Spanish soils to global scales. 
We will (somewhat arbitrarily) adopt a value for £4 ■ 1 x 
10 12 g N 2 O yr -1 (Table 3), but it is apparent that further field 
studies are needed to provide more reliable estimates for £ 4 . No 
significant global-average long-term temporal trends are expected 
in this natural source. The total emission £4 is apportioned 
between the two temperate semihemispheres (Tkble 4) according 
to the unglaciated land area in each (Le, most of £4 is added to 
the 30®N-90*N region). 

Following the prescient work by Arnold [1954], measurements 
made in the last few years by a number of independent groups 
have established emissions (£ 5 ) due to microbial activity in 
natural tropical and subtropical soils as an important and perhaps 
the largest single contributor to the global total N 2 O' source. 
Keller et d. [1986] [see also Keller et d^ 1983] estimate £3 
*= (9.6 ± 4.7) x 10 12 g N 2 O yr -t based on measurements 
in tropical forests in Brazil, Ecuador, and Puerto Rico. A 
somewhat lower value of £5 = 43 x 10 12 g N 2 O yr -1 is 
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deduced if the mean flux measured by Livingston el al. [1988] 
in certain Amazonian forest ecosystems is multiplied by the 
global area of tropical rain and rain green forests (24.5 x 10 5 6 * 
km 2 [Leith, 1975]). Slemr el al. [1984] deduce £ s = 4.7 
x 10 12 g N2O yr' 1 based on measurements for subtropical 
(Spanish) soils (Spain actually lies in our 30 o N-90°N temperate 
semihemisphere). An arithmetic average of the Keller el al. 
[1986], Livingston et al. [1988], and Slemr et al. [1984] 
estimates yields £5 ~ 6 x 10 12 g N2O yr -1 , which is the 
value we will use (as such it is the largest single contributor to 
emissions in our nominal model). This is consistent with the 
value obtained by adding Matson and Vitousek's [1990] estimate 
of 3.8 x 10 12 g N2O yr -1 from evergreen tropical forests and 
P. Vitousek’s (private communication, 1989) estimate of 1.4 x 
10 * g N2O yr from raingreen tropical forests. We apportion 
£5 between the two tropical semihemispheres according to the 
land area in each (Table 4) and (in the absence of any evidence 
otherwise) we assume £5 does not vary with year Y. 

The third recognized natural source is microbial activity in 
surface ocean water. The magnitude of the total emission 
(£*) due to this source is controversial. From central Pacific 
measurements Elkins et al. [1978] deduce a total marine emission 
of 11 x 10 12 g N2O yr -1 between 20° N and 20’S. From North 
Atlantic and Pacific Ocean measurements Cohen and Gordon 
[1979] estimate a total marine N2O production of (11 db 5) 
x 10 12 g N2O yr' 1 and argue that most of this production 
is emitted to the atmosphere. However, Weiss [1981] reported 
that his extensive measurements of the global distribution of 
N2O in ocean surface waters show that the mean oceanic 
source is small compared to the stratospheric destruction rate 
(which is (13-16) x 10 12 g N2O yr' 1 for current atmospheric 
lifetimes of 150-182 years). Based on these conflicting results, 
we do not feel confident in estimating E$ from the current 
oceanic measurements. Instead we note that the observed rate 
of increase of atmospheric N2O of 0 .2-0.3% yr' 1 combined 
with a theoretical atmospheric lifetime of 150-182 years (see 
next section) implies that the total global N2O source Eu* “ 
Ej a 20 x 10 12 g N2O yr' 1 . Subtracting the sum of 
the 1982 values for E\ through £5 from this global total yields 
£< w 4 x 10 12 g N2O yr' 1 , which is the value adopted here 
(Table 3). E& is assumed time invariant and is apportioned to 
the four semihemispheres of the globe according to the oceanic 
area in each (Table 4). 

The 1982 values for emissions in our a priori model differ 
somewhat from those of Keller et al. [1986]; see also McElroy 
and Wofsy [1986] and Seiler and Conrad [1987], However, 
taking into account the stated uncertainties, the only real 
disagreement with Keller et al . [1986] lies in the biomass 

combustion plus land clearing contribution £2, where we have 
adopted a somewhat larger value and the only real disagreement 
with Seiler md Conrad [1987] is in the fossil fuel combustion 
term E\, where we have adopted nominally the larger Hao el 
al. [1987] estimate. Note that because £1 is largely confined 
to 30°N-90*N and £2 is largely confined to 30°N-30°S their 
relative magnitudes effect the predicted latitudinal N2O gradient 
and the comparison in the next section of predicted and observed 
gradients will provide a direct test of the accuracy of £1 and £2 
in our a priori model. 

5. Inverse Problems 

To interpret the N2O measurements in terms of surface 

emissions, atmospheric circulation, and atmospheric destruction 


we utilize an optimal-estimation, inversion technique [Cunnold 
et al., 1983, 1986]. The technique includes the use of a two- 
dimensional mode] of the global atmosphere consisting of eight 
tropospheric boxes (or grid points) and one upper atmospheric 
box (see Figure 3). The four lower tropospheric boxes (or grid 
points) are intended to provide predictions for comparing with 
the ALE/GAGE stations in the four semihemispheres. Mean 
inverse advective times (V^) and eddy diffusive times Oik) in 
the model vary seasonally and are specified from meteorological 
observations and an optimal fit to global ALE/GAGE data for 
CFCI3, CF2CI2 and CH3CCI3 [ Cunnold et al-, 1986; Prinn et 
al* 1987], The only recognized atmospheric sink for N2O is 
photochemical destruction in the stratosphere with a lifetime T « 
150 to 182 years according to computations in suitable global 
two-dimensional (2D) and three-dimensional (3D) chemical- 
dynamical models [Johnston et al., 1979; Ko and See, 1982; 
Levy et al., 1982; Golombek and Prinn, 1986], To simulate 
this destruction in our 2D model, the N2O destruction times 
tj (i = 1 to 8) for the eight tropospheric boxes are set equal 
to zero and the N2O upper-atmospheric destruction time t* is 
adjusted to give the desired global atmospheric lifetime in the 
box model (the value for 1* is sensitive to the specified upper 
troposphere-upper atmosphere mixing time t u (= 4 years in the 
model)). 

The 12-month running means for the lower tropospheric 
mixing ratios Xt. X3> Xs> end X7 predicted in this 2D model 
are compared with ALE/GAGE observations rather than the 
instantaneous predicted mixing ratios. This is because this 
2D model is not capable of accurately simulating oscillations 
associated with die measurement technique (e.g„ periodic renewal 
of on-site calibration tanks) or natural meteorological oscillations 
on interannual, seasonal, and shorter time scales which do exist 
(see Figures 1-2). To account in a statistical way for these 
unsimulated oscillations, the model output is augmented by two 
empirical statistical models that are designed to describe the 
spectrum of the differences (residuals) between the observations 
and the 12-month running mean model predictions [Cunnold et 
al., 1986]. Lower frequencies in this spectrum were fit with 
a first-order, autoregressive model, common to all sites with 
a correlation of 05 after 1 month; higher frequencies were 
modeled by assuming that the spectra at each site were the same 
as those found in die residuals associated with the differences 
between the observations and the empirical model fit to die 
observations described earlier (section 3). 

The optimal estimation scheme produces a beat guess of the 
unknowns y,- (contained in vector y) and their errors O, based on 
minimizing the squares of the deviations between the logarithms 
of the observed (vector x) and model-calculated (vector Xc) 
monthly mean mixing ratios at each ALE/GAGE site. The 
vector y is updated with each new month of data using 

Ay = CP , [PCP'+N]' 1 (x-xe) (3) 

where P (transpose P') is a matrix of the partial derivatives 
of the elements of Xc (the model predictions) with respect to 
the elements of y (the unknowns), N is a diagonal matrix 
whose nonzero elements are the squares of the standard errors 
in die elements of x (die ALE/GAGE observations), and C is a 
matrix whose diagonal elements are the variance (Le^ of) of the 
elements of y (die unknowns) based on an objective combination 
of a priori estimates of the uncertainties in the unknowns and 
the uncertainties in the measurements. The matrices P and C are 
updated during the inversion process as described by Cunnold 
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el al. [1983]. Estimates of unknowns y,- and errors o, can be 
obtained with each ALE/GAGE station data alone or all station 
data sets simultaneously. 

We have interpreted the ALE/GAGE measurements in four dis- 
tinct but not independent ways. First, using these measurements 
and our a priori emissions estimates (Tables 3, 4) we calculate 
the N2O atmospheric lifetime x. We also repeat this calculation 
after making adjustments to the a priori emissions and to the 
model transport rates in an attempt to fit better fire observed 
N2O latitudinal gradient These calculations are labeled RUN 
A/ wu where N and M are integers which identify the assumptions 
made concerning emissions and transport, respectively, in each 
run which are discussed below. 

Second, we specify the lifetime x = 166 ± 16 years based 
on the aforementioned theoretical 2D and 3D model studies for 
its photochemical destruction and then, using the measurements, 
we calculate instead the total annual global emission Eu*(Y) for 
each ALE/GAGE year. In the latter case, the fractions /; of 
Eua(Y) assumed emitted into each semihemisphere are equated 
to their fractions in our a priori emissions estimates (Tables 3, 
4) for 1982, that is. 

fi « /,(1982) / £W1982) (< = 1.3, 5, 7) (4) 

(we label these calculations as RUN Bun if fi values from RUN 
Af/M are used). 

Third and fourth, we specify both the lifetime X = 166 
yean and the global total emissions Eu*(T) * 20 x 10 12 g 
N2O yr -1 and determine either the fractions f of emissions into 
each semihemisphere or die relative rates g, of tropospheric- 
stratospheric exchange in each semihemisphere which provide 
the optimal fit to the observed ALE/GAGE N2O latitudinal 
gradient. We label these runs as either RUN Cm or RUN Djv, 
where (as above) M and N are integers identifying the assumed 
rales of transport (M) or emissions (AO in the model. 

5.1. Global Lifetime j 

The lifetime deduced in RUN An by matching optimally 
the ALE/GAGE and box model fractional trends at all four 
stations is 185 ± 7 (la) years. The total atmospheric content 
calculated using the box model and ALE/GAGE data for the 
lower troposphere is 2330 x 10 12 g N2O on July 1, 1983; 
this result is sensitive to the choice of r* = 4 years in the 
model with the content increasing to 2340 x 10 12 g N2O for 
<m ■ 3 years. The lifetime deduced from an optimal match of 
the ALE/GAGE and RUN An global contents is 179 years, in 
good agreement with the value derived from the ALE/GAGE 
trends; the content-derived x value is particularly sensitive to the 
absolute calibration factor (. 

The agreement between the x value computed in RUN An 
and the theoretical stratosphere-only destruction time (166 ± 
16 years) results simply from the fact that Em*, in RUN An 
was chosen to ensure this approximate agreement. The primary 
purpose of RUN An is not to estimate x (which is poorly 
determined due to the great a priori uncertainty in Em*) but to 
test the relative importance of the individual emissions £< to 
Em*- Such a test is possibl e b ecause each £< has a different 
latitudinal and temporal dependence and therefore affects the 
latitudinal gradients and trends at each individual ALE/GAGE 
station in different ways. 

In tins respect, tire RUN An emissions produce model 
predicted latitudinal gradients in N2O that are significantly larger 


than those observed (see Table 5). In this table the “score” 
denotes the number of predictions in a particular run which lie 
within lo of the ALE/GAGE observations for the five quantities 
indicated. The sum “sigma” of the squares of the differences 
between the predictions and observations for the five quantities 
are also given as an alternative scoring method. One possible 
reason for the poor performance for RUN An involves the 
model troposphere to stratosphere transport rates. Since the 
upper tropospheric N2O mixing ratio varies only slightly with 
latitude and we assume a single stratospheric box with a single 
mixing rate £* between this box and the four upper tropospheric 
boxes, the net tropospheric to stratospheric N2O flux varies 
only slightly with latitude, which is unrealistic [Mahlman et al., 
1986; Golombek and Prim, 1986]. To explore the sensitivity 
of our results to the above assumption, we therefore repeated 
RUN An after multiplying the constant value in RUN An by 
either 1.1, 1.1, 0.9, and 0.9 or 0.75, 1.25, 1.5, and 0.5 or 0.5, 
IS, IS, and OS in the 90 # N-30°N, 30’N-O 0 , 0 # -30 o S. and 
30°S-90°S semihemispheres, respectively. This has the effect of 
changing the nearly equal semihemispheric atmospheric removal 
rates in RUN An to removal rates varying by semihemisphere 
in proportion to the above multipliers for (we made the rates 
symmetric or asymmetric about the equator to explore the effects 
of different meteorology in the two hemispheres). These three 
new runs were designated RUNs A12, Au, and A14, respectively, 
and the results are given in Table 5. As expected, the larger 
the qf multiplier, the smaller the predicted mixing ratio in a 
particular semihemisphere relative to the global mean. Note 
however that the latitudinal gradients predicted in these latter 
three new runs are still larger than observed. 

Another possible reason for the overprediction in RUN An is 
that the model transport rates in this run are derived by fitting 
the ALE/GAGE CFCI3, CF2CI2. and CH3CCI3 data. However, 
the latitudinal gradient for N2O is much less than that for 
CFCI3, CF2CI2. *nd CH3CCI3 and its sources are much more 
globally dispersed. Numerical experiments with our model have 
demonstrated that, as a consequence of these gradient and source 
differences, species like N2O are more sensitive than the above 
halocarbons to the assumed vertical eddy diffusion times (<21. 
<43, *65, ({7) between the upper and lower tropospheric boxes in 
the model (see Figure 3). hi particular, lowering the vertical 
eddy diffusion time decreases the N^O latitudinal gradient by 
increasing meridional tracer advection in the upper troposphere 
in the model. Tropospheric vertical eddy diffusion coefficients 
typically assumed in atmospheric models are (1 — 3) x 10 5 cm 2 
with the larger values applying to the tropics. For the 
6 -km distance between the 750- and 350-mbar surfaces, these 
eddy diffusion coefficients correspond to In values of 14-42 
days. For the above halocarbons the assumption <21 “ <43 = 
*55 = »|7 e 38 days as used for N2O in RUN An gave good 
agreement with observations [ Cunnold el al., 1986; Prim et 
1987], but the sensitivity to these In values is sufficiently small 
that satisfactory (but not optimal) agreement is also obtained if 
we take in values of 14 days. To determine the maximum effect 
of our assumptions concerning vertical and horizontal diffusion 
times in the tropics, we therefore repeated RUN An with <43 ■ 
<65 = 14 days, <21 = *17 = 42 days, and also 135 and t*6 equal 
to | times their values in RUN An. The results of this run 
(designated Au, Le, U-5) are also given in Table 5, where we 
see that the latitudinal gradient is still overpredicted. Note that 
for U = 5 transport, the model still provides a good fit to the 
above ALE/GAGE CFCI3 data. 
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TABLE S. Differences Between the 10-year Mean Mixing Ratio* On ppbv) in the Four Semihemispheres and the Global Average of These Four 
Means, and the Difference Between the Northern and Southern Hemispheric Averages of these Means 



90* N - 30®N 

30°N - 0° 

0° -30°S 

30 °S - 90° S 

NH-SH 

Score 

Sigma t 

Observed* 

0.40 

035 

-035 

-050 

0.75 



_ 

range 

(tt 18, 0.62) 

(0.18, 052) 

-(0.36, 0.14) 

-(037, 0.63) 

(059, 0.91) 

- 

- 

An 

0.72 

052 

-0.41 

-0.83 

134 

0 

051 

Al2 

0.61 

0.46 

-034 

-0.73 

1.07 

3 

032 

Au 

0.73 

0.49 

-0.44 

-0.78 

132 

1 

0.46 

Al4 

0.78 

0.49 

-0.47 

-0.80 

137 

1 

057 

Au 

0.80 

0.42 

-0.45 

-0.77 

132 

1 

050 

Al6 

0.39 

0.37 

-0.19 

-057 

0.76 

5 

0.009 

A 21 

0.38 

051 

-032 

-0.67 

0.89 

4 

0.075 

Ajl 

0.22 

0.49 

-0.12 

-059 

0.71 

4 

0.079 

A41 

0.34 

053 

-031 

-0.66 

0.87 

3 

0.078 

A 22 

0.28 

ff44 

-0.14 

-058 

0.72 

5 

0.042 

A 32 

0.11 

0.42 

-0.04 

-0.49 

053 

2 

0.18 

Ac 

0.23 

<146 

-0.13 

-056 

0.69 

4 

0.063 

A 23 

0.40 

0.47 

-036 

-0.61 

0.87 

5 

0.041 

A24 

0.45 

0.47 

-038 

-0.64 

0.92 

4 

0.066 

A 25 

0.46 

0.40 

-036 

-0.60 

0.86 

5 

0.028 


* Observed values and (let) range are obtained from the ALE/GAGE data. Computed value* in each RUN Ann are from the four lower tropospheric 
boxes in the model. 

t Units for sigma are (ppbv) 2 . 


The better performance of RUN A 12 relative to RUNs An, 
Au, Aj 4, and Au, above is due to die greater troposphere- 
stratosphere exchange rates in the northern hemisphere relative 
to the southern hemisphere in RUN A12- Indeed Holton [1990] 
has recently presented evidence that the downward stratosphere 
to troposphere mass flux in the northern hemisphere may be 
as large as twice that in the southern hemisphere. To apply 
the Holton [1990] estimates of total vertical mass fluxes at the 
100-mbar level to the 200-mbar level in our box model we 
multiply them by 2 and use simple area weighting. This implies 
annual mean net vertical mass fluxes (in units of 10* kg s~‘) of 
-57.8, +30.6, +54.0, and -26.8 between the upper tropospheric 
boxes 2, 4, 6, and 8 and the stratosphere in our model (Figure 
3). We therefore augment the diffusive troposphere-stratosphere 
exchanges in RUNs A14 with advective N2O fluxes derived 
from the latter net vertical mass fluxes. For this purpose it is 
necessary also to divide the stratosphere into 4 boxes of equal 
mass. This run which is designed to simulate the Holton [1990] 
circulation is denoted Au and it provides a very good fit to the 
latitudinal gradient (Table 5). 

If we do not accept the RUN Au transports, RUNs Au, A12, 
A 13, A 14, and Au suggest that our a priori N2O emissions are 
erroneously high in the northern hemisphere (Le„ that E\ which 
is the major cause of the hemispheric emission differences is 
overestimated), lb investigate this possibility, we performed six 
further runs designated Am- A334 and Am (W = 1 or 2) in 
which the E\ (fossil fuel combustion) values are respectively 

0. 5, 0.25, and 0.1 times those in RUN Am- the £2 0*nd clearing 
and biomass burning) values are 2.0, 23, and 12 times those in 
RUN An/, the £3 (fertilizer use) values are 1, 1, and | times 
those in RUN Am and the £3 (natural tropical toil) values are 

1, 1, and 1.25 times those in RUN A\m- Because £1, Ex, and £3 
have similar (anthropogenic) trends RUNs Am- A3 m- and Am 
have almost the same global total emission magnitude and trend 


as in Am but have more of their emissions in the tropics than 
Am (Table 4). Run A2M was also carried out for three other 
transport types (M * 3, 4, 5) to further elucidate the influence of 
the assumed transport scheme on the model predictions for the 
N = 2 scenario. 

The results of these nine new runs are given in Table 5. 
Note that with the exception of RUN A32 these runs "score" 
much higher and have a much lower "sigma” relative to the 
ALEA3AGE observations than any of the Am runs except Au. 
In other words, if we do not accept the transport in run Au. a 
satisfactory fit to the ALE/GAGE data requires at least a factor 
of 2 decrease in our RUN Am emissions (£]) due to fossil 
fuel combustion and a factor of 1 .2-2.5 increase in our RUN 
Am emissions (£2) associated with tropical land disturbance. 
Decreases in the fossil fuel combustion emissions by much 
greater than a factor of 2 are allowed if the emissions due to 
fertilizer use (£3) are increased appropriately (e.g., as in RUNs 
Am in Table 5). The Am and Am emission scenarios provide 
a somewhat better fit to the ALE/GAGE data than the Am 
emission scenario. A decrease in the emissions estimates of Hao 
et al. [1987] by at least a factor of 2 is commensurate with 
the criticisms raised by Muzio and Kramlich [1988] discussed 
earlier. The feasibility of a large tropical land disturbance source 
is enhanced by the measurements of Luizao el al. [1989] and 
others discussed earlier. We note parenthetically that present 
emissions ire 56% and 47% greater titan preindustrial emissions 
for RUNs Am *nd Am- respectively, conversant with the need 
to explain preindustrial N2O levels. The large fertilizer use 
source needed in RUN Am is speculative. 

The lifetime results for RUNs A21, A31 and A41 are shown 
in Table 6, where we give the N2O lifetimes deduced using 
the trends in each station data alone and all station data sets 
simultaneously. The lifetime deduced by matching optimally the 
ALE/GAGE and model fractional trends at all four stations is 
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TABLE 6. Lifetimes x for N2O Optimally Estimated in RUNs Aji. A21, A 3 i and A41 From Temporal 
Trends in ALE/GAGE Data at Eadi Site and All Sites Combined 


Method 


Value of r. 

year* 


Weight in All -Sites 
Trend Estimate 

RUN An 

RUN An 

RUN A 31 

RUN A41 

Trend (Oregon/Ireland) 

196 

167 

159 

145 

0.11* 

Trend (Barbados) 

179 

152 

145 

133 

0.15 

Trend (Samoa) 

182 

159 

149 

137 

0.45 

Trend (Tasmania) 

185 

161 

152 

139 

0.29 

Trend (all sites)t 

185 ± 7 

159 ±5 

149 ±5 

137 ±4 


Global content^ 

179 

172 

167 

164 



*The addition to the Oregon record of the more variable lime series at Adrigole/Macehead produces an 
increase in the trend (and lifetime) uncertainty in the 30°-90°N seraihemisphere, with the result that reduced 
weight is given to this record in the all-site estimate. 

t Uncertainties are la and do not include uncertainties in emissions. Weights arc approximate, 
t Lifetimes optimally estimated from the global atmospheric content derived from ALE/GAGE data. The 
first 6 months of Samoan ALE/GAGE dau (July-Deccmber 1978) are not used. 


159 ± 5 years (RUN A 2 iX 149 ± 5 years (RUN A 3J ) and 137 
± 4 years (RUN A41). The lifetime deduced from an optimal 
match of the ALE/GAGE and box model global contents is 172 
years in RUN A 2 j, 167 years in RUN A 3 i and 164 years in RUN 
A41, in reasonable agreement with the value derived from the 
trends; the content-derived T value is particularly sensitive to the 
absolute calibration factor (. 

52. Global Emissions 

Table 7 summarizes die N 2 0 annual emissions Ev» (Y) 
deduced for the nine successive calendar years beginning in 
1979 in RUN Bn- Note that very similar results are obtained in 
all of the Bum runs. While the uncertainties in the individual 
£t«(T) values in Table 7 are large (due to the variability in 
the ALE/GAGE data), there is some evidence that total annual 
emissions vary significantly around die 10-year average of 20.5 
x 10 12 g N 2 0 yr -1 . Inspection of the ALE/GAGE data (Figure 
2) indicates coherent oscillations in the trends in N 2 0 mixing 
ratios at Barbados, Samoa, and (to a lesser extent) Tasmania 


TABLE 7. Nitrous Oxide Annual Emissions Eut(Y) Deduced in RUN fl 2 l 
for Nine Successive Calendar Years 


Period 

£«(T). 10 12 g N 2 0 yr **) 

1979 

18.9 ± 1.7 

1980 

19.2 ± 1.7 

1981 

21.3 ± 1.9 

1982 

225 ± 20 

1983 

15.9 ± 20 

1984 

24.9 ± 23 

1985 

23.1 ± 21 

1986 

21.5 ± 1.6 

1987 

17.1 ± 1.6 

Average 

20.5 ± 1.0 


Assumed lifetime X is 166 yean. The uncertainties are la and tie 
based on the smoothed standard deviations of the annual trends between 
the measurement sites during each year An uncertainty of ±16 yean in 
the lifetime corresponds to a potential bias in these estimates of 71.4 x 
10« g N 2 0 yr 1 . 


which, in the inversion process, are responsible for the predicted 
anomalously large 1982 and anomalously small 1983 emissions 
(a similar coherence with similar predictions for emissions 
occurs in 1984-1985). Curiously, in the 1982 time period 
the equatorial oceanic source for COg [Pearman et al-, 1983] 
appears to have weakened associated putatively with decreased 
oceanic upwelling at the onset of the exceptionally strong El 
Nino-Southem Oscillation (ENSO) event of 1982-1983 [Komkyr 
et al., 1985]. If we associate the oceanic N 2 0 emissions with 
nutrient-rich upwelling water, we would also expect a weakening 
of the N 2 0 tropical oceanic source (£4, Tables 3, 4) with the 
onset of El Nifio, contrary to the above conclusion from the 
ALE/GAGE data. This forces ns to look at variations in £ 2 
(tropical land clearing and biomass burning) and £5 (natural 
tropical soil emanations) as explanations for the interannual 
variations in N 2 0 emissions. For example, variability in 
tropical biomass burning due to wildfires (perhaps instigated 
by tropical climate changes associated with ENSO) leading to 
N 2 0-producing soil disturbances would be a possible cause 
worth investigating. 

5.3. Semihemispheric Emissions 

The differences between the 10-year mean mixing ratios %i 
= Oj + 8.33d, measured at the four ALE/GAGE “latitudes’' 
(see Tables 2 and 5) are determined in part by the latitudinal 
distributions of emissions. Because the constant and quadratic 
terms in equation (1) are not orthogonal, the uncertainties in 
these 10-year means are obtained by fitting the data instead to 
the zeroth, first, and second order Legendre polynomials (/*o. 
P\, £ 2 X in which case the uncertainty in the coefficient for 
Pq is the required uncertainty. These uncertainties imply that 
the station to station differences are fairly well defined by die 
10-year data set (see la uncertainties given in Table 5) and due 
to the calibration procedures they are only marginally sensitive 
to a tong-term drift in the calibration gases (major contributors 
to the error bars are, however, the offsets which occur sometimes 
as a result of calibration tank changes; see Figure 1). 

To optimally determine the latitudinal distribution of emissions 
from the ALE/GAGE measurements, we have performed six 
runs of our inverse modeling procedure. They are designated 
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RUN C i through RUN Cs and use the same transport parameters 
as RUNs As i through Ass. respectively. The results are given 
in Table 8. The uncertainties in these optimally estimated 
percentage emissions in each semihemisphere are interdependent 
and are conveniently expressed in terms of the uncertainty 
with which the difference between the emissions in adjacent 
semihemispheres can be defined. Specifically for RUNs C j to 
Cs in Table 8 the percentage differences in emissions between 
the 90 # N-30*N and 30 e N-0°, 30°N-0° and 0°-30°S, and 
0°-30°S and 30'S-90 e S semihemispheres have (lo) absolute 
uncertainties of ± 9%, ± 3%, and ± 8%, respectively, (these 
uncertainties include consideration of the residuals between the 
model predictions and ALE/GAGE observations as well as the 
standard errors in the observations themselves). 

Note dial the optimally estimated hemispheric percentage 
emissions in RUNs C\ through C$ which are determined to ±3% 
do not agree with the prescribed Aim emission scenario, while 
the estimated emissions in RUN C$ do agree, which is the same 
conclusion reached in section 5.1. Another obvious difference 
between die optimally estimated and all the prescribed emission 
scenarios is the shift in emissions from the 0 e -30 o S to the 
30° S-90 5 S semihemisphere implied by the optimal estimations 
but this shift lies within the absolute uncertainty of ±8% in the 
difference in emissions between these semihemispheres noted 
above. 


TABLE 8. Percentage N2O Emissions in Each Semihemisphere /; in 
Designated Model Run 



90°N-30°N 

30°N-0* 

O^CS 

30°S-90°S 

Aim 

33.6 

33.6 

25.7 

7.1 

A2M 

22.8 

39.7 

3<X7 

6.8 

Asm 

17.5 

42.7 

33.2 

6.6 

Aam 

20.8 

41.8 

30.8 

6.6 

Ci 

28 

32 

25 

15 

Ci 

29 

34 

24 

13 

Cj 

26 

34 

28 

12 

Ca 

24 

34 

29 

13 

Cs 

22 

39 

28 

11 

c 6 

34 

34 

20 

12 


Emissions are prescribed in Asm runs and optimally estimated in Cm 
runs. Total 1982 emissions are 20 x 10 12 g NjO yf l in all runs. Lifetime 
for N2O in Cm runs assumed to be 166 yean. 


The difference between the average of the observed 10-year- 
mean mixing ratios at our northern hemisphere ALE/GAGE 
stations (Ireland/Oregon, Barbados) and our southern hemisphere 
stations (Samoa, Tasmania) is 0.75 ± 0.16 ppbv. This is 
somewhat smaller than the 1 ppbv interhemispheric difference 
reported by Butler el ci. [1989] based on Pacific and Indian 
Ocean cruise measurements. The ratios of the northern 
hemispheric to southern hemispheric emissions, in our emission 
scenarios Aim and Ayr, are both 1.67 (compared to 2.05 in RUN 
Aim). These latter ratios appear consistent with the values of 13 
to 1.9 deduced using a simple two-box global model by Cicerone 
[1989] for an interhemispheric difference of 0.75 ppbv and no 
interhemispheric differences in stratospheric N2O destruction. 

5.4. Semihemispheric Troposphere-Stratosphere Exchange 
To address further the issue raised earlier in section 5.1 con- 
cerning assumptions about tropospheric-stratospheric exchange in 


the model, we have carried out four further runs of our inverse 
modeling procedure. In these runs we optimally estimate the fac- 
tors gi by which we must multiply the troposphere-stratosphere 
exchange rate in each semihemisphere in order to optimally 
fit the ALE/GAGE data. These runs are designated D\, Di, £3. 
and D 4 and use the same emissions scenarios as in RUNs Aim. 
Aim, Asm. and Aam. respectively. The results for the g, values 
are given in Table 9. The differences in the gi values between 
the 90°N-30"N and 30°N-0°. 30 # N-0° and 0°-30 <, S, and 0°- 
0®S and 30°S-90°S semihemispheres have (lo) uncertainties of 
±0.9, ±0.2, and ±0.8, respectively. 

In RUNs D\, Dj, £>3, and D 4 the tropospheric-slraiospheric 
mixing rates are 1.9±0.2, 12±0.2, 1.0±0.2, and 1 -2±0.2 
times greater, respectively, in the northern hemisphere than the 
southern hemisphere. The required mixing rate asymmetry in 
D\ is consistent with Holton [1990] but the fossil -fuel-driven 
emission scenario Aim in D\ is not consistent with the work 
of Muxio and Kramlich [1988]. Conversely, while emission 
scenarios Aim (in D 2 ), Aim (in Dy), and Aam (in D 4 ) are 
consistent with the conclusions of Muzio and Kramlich [1988] 
the transport scenarios in runs Dy, D 3 , and D 4 arc not 
consistent with the Holton [1990] estimates for tropospheric- 


TABLE 9. Optimally Estimated Multipliers g, in Ds Runs for die Mixing 
Rate r} Between the Upper Tropospheric and Stratospheric Box for the 
Indicated Semihemispheres and Prescribed Emission Scenarios 



90*N-30*N 

30*N-0° 

0®-30®S 

30°S-90“S 

Di 

128 

132 

0.75 

0.65 

Di 

0.73 

1.46 

123 

058 

Ds 

0.49 

151 

1.43 

057 

Da 

0.65 

150 

124 

0.61 


Assumed N2O lifetime is 166 yean in all runs. The sum of the four gi 
values is constrained to be 4. 


stratospheric exchange. Therefore, while we can conclude that 
both tropical and northern hemispheric mid-latitude nitrous oxide 
sources are significant, we cannot define precisely their relative 
importance at the present time. To resolve this issue, we 
need to determine stratospheric-tropospheric exchange rates with 
considerable accuracy. 

6. Concluding Remarks 

The ALE/GAGE data for N2O comprise over 110,000 
individual calibrated real-time air analyses carried out over 
a 10-year (July 1978 to June 1988) time period. These 
measurements indicate that the average N2O concentration in 
the northern hemisphere is persistently 0.75 ±0.16 ppbv higher 
than in the southern hemisphere and that the global average 
linear trend in N2O lies in the range 025-031% yr _1 . The 
latter trend result is contingent on certain assumptions about 
the long-term stability of the calibration gases used in the 
experiment Interpretation of the data, using inverse theory 
and a nine-box (grid) model of the global atmosphere, indicates 
that the N2O surface emissions into the 90°N-30*N, 30°N-0®, 
0°-30 °S, and 30°S-90°S semi hemispheres account for about 
22-34, 32-39, 20-29, and 11-15% of the global total emissions, 
respectively. This important new result depends primarily on 
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the ALE/GAGE determination of the N 2 O latitudinal gradient 
rather than the N 2 O temporal trend. The measured trends 
and latitudinal distributions are consistent with the hypothesis 
that stratospheric photodissociation is the major atmospheric 
sink for N 2 0. However, they do not support the hypothesis 
that the temporal N 2 O increase is caused solely by increases 
in anthropogenic N 2 O emissions associated with fossil fuel 
combustion, contrary to some previous ideas. Instead, as first 
noted by Prim el al. [1988], the cause for the N 2 O trend appears 
to be a combination of a growing tropical source (probably 
resulting from tropical land disturbance) and a growing northern 
mid-latitude source (probably resulting from a combination of 
fertilizer use and fossil fuel combustion). The exact combination 
of these sources which best fits the data depends on the assumed 
tropospheric-stratospheric exchange rates for N 2 O in the northern 
hemisphere relative to the southern hemisphere. Accepting a 
theoretically calculated N 2 O lifetime of 166 ± 16 years due to 
stratospheric destruction only, we deduce from the ALE/GAGE 
data a 10-year average global N 2 O emission rate of (20.5 ± 2.4) 
x 10 12 g N 2 O yr _1 but with significant year-to-year variations 
in emissions associated perhaps with year-to-year variations in 
tropical land emissions. 
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